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PREFACE 


iv 

of mercury discharge tubes. The Atlas Electric Devices Co. and the Nationi 
Carbon C o have furnished numerous illustrations. Many authors and publishei 
of books and journals, too numerous to mention, have permitted the publication c 
illustrations from their work. Drs. D. A. Wells, W. M. Burgess and the lat 
Albert Sherman have read certain chapters and offered valuable suggestions. Th 
authors of the first edition have been especially helpful. Many reference books 
review articles and incidental summaries, as well as abstracts of patents and o 
material in difficultly accessij)le sources, have been freely used. The effort ha 
been made to acknowledge these in suitable places, 

FRANCrS F. HKYROTTf. 

Institute of Scientific Research 
University of Ch’ncinnati 
June, 1940 
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Chapter 1 

Introduction: Nature of Ultraviolet Radiation 

The iig-ency of light and the field of photochemistry, aside from photography, 
have until recently received i datively little use on a commercial scale. To he 
sure, a few photochemical processes of an industrial character, such as the pro- 
duction of benzyl chloride, have had a limited commercial application, but most 
chemical operations utilizing the agency of sunlight have been found slow and 
ineffective. In contrast with the industrial applications, theoretical photochemistry 
has recently attracted man> workers, and a few guiding principles, together with 
a considerable amount of detailed information, have been obtained during the past 
three decades. Much of this advance has been due to the vStudy of the effects of 
ultraviolet radiation which, following the development of suitable sources, has been 
carried on with vigor. 

Everyone is familial with the application of ultraviolet irradiation methods to 
the problem of enriching the vitamin 1) content of milk and of certain other food- 
stuffs and pharmaceutical products. The number of branches of chemistry in 
which this radiation has been studied is, however, often a source of surprise to 
chemists when they iirst become cognizant of the facts. This is largely because 
comparatively few industrial operations arc carried out with this form of radiant 
energy. 

Foodstuffs, the fuels which supply the energy of all animal life, are built up by 
the action of sunlight m plants. Desirable as it might be to develop ways of replacing 
the present farming methods by well-controlled photochemical operations conducted 
in a factory, this is of less immediate importance than the problem of the exhaustion 
of natural fuels which serve as sources of energy for our mechanized civilization. 
Coal and oil represent the stored vegetation of the past. In an address on the 
future problems of engineering, Parsons^ pointed out the limitations imposed by 
thermodynamics upon the utilization of fuels and emphasized the imminent need 
for studies of the availability of other sources of energy. After considering hydro- 
electric power sources and the other less explored possible sources of energy such 
as the atom, the heat of the earth, tides, waves and wind, he concluded that the 
most promising source is the sun. For the utilization of solar energy it may be 
necessary to find reactions which will yield compounds of high energy content 
which can serve as storage reservoirs. 

Magnitude of Solar Energy 

From the time of Joseph Henry, workers at the Smithsonian Institution, includ- 
ing particularly S. P. Langley and, at present, Charles Abbot, have made many 
measurements of the total amount of energy received on the earth from the sun 
at a number of stations throughout the world. The solar constant is defined as 
the solar energy which impinges in unit time on unit area of a surface perpendicular 
to a sunbeam just outside the earth's atmosphere. Observations made at the 

1 Parsons, W. B., J. Frank. Inst, 200, 219 (1925). 
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earth’s surface are corrected for the loss of ahont 30 per cent which occurs during: 
the passage of the light through the atmosphere. The mean value of the solar 
constant has been found to be 1.94 calories per minute per square centimeter, 
equivalent to 1.35 x ergs per square centimeter per second. The fluctuations 
of 2 to 3 per cent on both sides of the mean appear to be associated with the 
eleven-year Sunspot cycles, the radiation being greatest when the spots arc most 
numerous. 

Stewart 3 has made calculations which enable one to vistialize the meaning of 
these figures in C(unparison with the atnounts of energy available from other 
sources. He concludes that the sun at the zenith supplies the outer atmosphere 
with 4,690,000 horsepower per square mile. At the surface this is equivalent to 
about 4,690,000 cos ^ X (0.70)*^'^ where 6 is the angle l)etween the sun and the 
zenith. The maximum power output of Niagara Falls is estimalerl at about 
4,000,000 H.P. At noon on a clear day in June, the sunlight falling on 133 square 
miles at Philadelphia is equivalent in power to 100 Niagaras: it is about 70 per 
cent less in December. If the radiation which strikes the whole earth in a single 
second could be converted into power, its value, at one cent per kilowatt-hour, 
would be nearly half a billion dollars. Parsons stated that, assuming the total span 
of daily sunlight to be equal to nine hours of maximum intensity and 50 per cent 
of the energy to Ije recoverable, a strip of land 10 miles wdde and 100 miles long 
would develop daily as much power as could have been obtained from one-half 
the world’s total fuel consumption in 1920, allowing three pounds of coal per horse- 
power. The area of Salt Lake, Utah, alone would suflice to produce energy equal 
to that furnished by the whole annual wmrid consimq)tion of coal. 

As the earth intercepts only one part in 22,000 millions of the total energy 
radiated by Uie sun, it may be calculated that the sun emits nearly 75,000 PLP. 
per square yard of its surface. At one cent per kilowatt-hour, its power output 
would be valued at '‘a billion dollars in a billionth of a second.” 

Attempts made thus far to utilize this energy have ])een limited to the use of 
aqueous vapor as an intermediary in an engine operated by very low steam pres- 
sure, According to Parsons, the maximum overall efficiency obtained in the 
Shuman-Boys absorber in IMcadi, Egypt, wms 4.32 per cent. As yet few, if any, 
attempts have been made to concentrate the sun’s rays by a systen\ of reflectors 
upon chemicals in order to get the latter to react to produce others of high energy 
content and fuel value 

The conscious development of such bleas has instead been concentrated largely 
upon the problem of the mechanism by wdiich chlorophyll enables plants to utilize 
solar energy in building up the compounds which serve as foods. 

Nature of Rauiant Energy 

An understanding of the chemical reactions produced by ultraviolet radiations 
requires a knowledge of their physical nature. As they represent but one of the 
forms of radiant energy which comprise what is called the electromagnetic spec- 
trum, there is given in the following portions of this chapter a l)rief historical 
sketch of the present knowledge of light, visible and invisible. There is an essen- 
tial physical unity in the nature of wdreless \vaves, infrared radiation, visible light, 
ultraviolet radiation, x-rays and gamma-rays. Photochemical changes induced by 
visible light and by ultraviolet radiations arc quite similar in mechanism, differing 
chiefly in the amounts of energy involved and in the types of equipment necessary. 

^ Stewart, J. O-. J Frank. Inst., 204, 438 0927). 
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These two forms of radiant energy are distinguished by special natnes merely 
because our eyes permit us to appreciate the presence of the visible but not of the 
ultraviolet radiations. 

Since 1913 conceptions derived from the study of the mechanism of the produc- 
tion, transmission and absorption of radiations have come to dominate and trans- 
form modern chemistry and physics. They have been applied with great success 
to the problem of the constitution of the atom, affording models by which tC 
exprCvSS the facts embodied in the periodic table. Very recently, they have led to 
new methods of studying the nature and strengtli of the chemical bond and have 
given rise to a new attack on the fundamental problem of chemical affinity. 

Each of the forms of radiant energy is transmitted through a vacuum at the 
same rate, 186,000 miles per second or 3x10^® centimeters per second, the long- 
known velocity of light. The manner in which light is transmitted through space 
has been for more than two centuries the subject of a controversy between the 
adherents of the wave and corpuscular theories, the origin of neither of which is 
certain.^ 

The inadefjuacy of a corpuscular llieory to account for the phenomena of 
diffraction and interference led 1 Iin ghens in 1690 to state, without claiming the idea 
as his own, that light is made up of waves which he conceived as longitudinal 
pulses extending in all directions from a center of disturbance along a spherical 
front. He did not, however, conceive of the existence of a train of waves. Newton, 
the discoverer of the res(»lution of white light into a spectrum by means of a 
l)rism, on the other hand, favored the view that light is transmitted as minute 
corjmsclcs ejcct(‘d throuj;;li space, since be believed (1672) that a wave theory 
could not account for the rectilinear propagation of light. He described the phe- 
nomena of diffraction of lij^ht passing between closely spaced knife edges and the 
famous ringN of color observed in thin plates, now knowui to be due to interference. 
Both of t]ie‘'e phenomena now, as then, afford the strongest evidence for the wave 
nature of light. Newton * ascribed them to certain 'Tits’' of reflection or trans- 
mission. Notwithstanding the fact that Huyghens had shown it possiole to explain 
the rectilinear propagation of light and the phenomena of refraction by certain 
geometrical constructions regarding the advancing wave form, confusion reigned 
for about a century. 

By extending the wave theory to include a continuous series of periodic waves, 
Dr. Thomas ^ oimg wa^ able to explain tlic phenomenon of interference and to 
demonstrate it in a famous experiment in a Bakcrian Lecture liefore the Royal 
.Society in 1801. Light from a single source was made to pass through two very 
closely adjacent pinholes and illuminate a spot upon a screen. At the spot where 
the two cones of light o\erlat)ped, dark and light hands are observed. Any point 
within this area receives light by two different paths, one from each pinhole. If 
the lengths of these paths differ, the crest of a wave reaching it by one path may 
meet the trough of a wave reaching it by the other; wdth a different ratio of the 
lengths of the paths, a spot nearby may receive the crests of both waves. In the 
former case the crest and Irougli (then ]>elieved to be points of maximum compres- 
sion and rarefaction) annul each other, are said to interfere, and the spot receives 
no illumination. In the latter case the waves add together and the spot is very 
bright. 

This experiment regarding the nature of interference turned the tide in favor 
of tlie wave theory of light. In the early theory, the waves were conceived as 

«Crew, H., /. Opt, Soc, Am,, 20, 6 (19^0). 

* Newton, Sir Isaac, “Optics,” 1704. 
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longitudinal compressions and rarefactions of the ether similar to those by which 
sound is transmitted by air. New dilhculties were introduced by the discovery 
of the phenomenon of the polarization of light (Malus, 1809) and the investigation 
by Arago of the rotation of the plane of polarization by various substances. These 
phenomena, unlike any encountered in the case of sound, eluded explanation until 
Fresnel in 1821 published the brilliant suggestion that the light waves may be 
vibrations transverse to the direction of propagation of the spherical wave-front. 

Wave-length and Its Measurement 

1. Fundamental Concepts and Methods. The distance from crest to crest or 
trough to trough of a series of waves is known as the wave-length. For visible 
light it is very small and must be measured in suitable small units. That the 
wave-length has for each color a constant and characteristic value was indicated 
by later interference experiments of Young. 

While all colors of light travel at the same rate in a vacuum, this is not the 
case when they pass through transparent material bodies. In going from a light 
medium to a denser one the velocity of light is slowed to an extent which depends 
upon the wave-length. For this reason, white light in passing through a prism is 
spread out into a spectrum of colors. The greater the thickness of the path of 
light in the prism the greater the resolution or spreading of the spectral colors. 
Measurements of the wave-length of light in some limited spectral regions, as for 
example the yellow, were early made by means of an experimental arrangement 
based upon the interference of waves reaching a spot along paths of slightly 
different lengths. 

For precise measurements of this .sort tlie particular region at whicli the 
measurement is made must be reproducibly dehnecl. Fraunhofer found in the 
solar spectrum a series of dark lines which serve as natural landmarks for certain 
wave-lengths, rendering the location of a given point in the spectrum possible 
irrespective of the resolution of the prism. It was later found that these lines 
correspond in wave-length to the bright lines found to be su{)crposed on a con- 
tinuous colored background when certain elements are heated to high temperatures. 
Kirchhoff found that the elements which emit these lines are also capable of absorb- 
ing them when the vapors of the elements are ])IacecI between a continuous source 
and the spectrograph. The th(‘ory of the origin of the Fraunhofer lines in the 
solar spectrum is that certain elements in the gaseous atmosphere of the sun 
absorb the sun’s radiations at just these wave-lengths, and so lessen their brilliance 
in the solar spectrum. 

In 1823 F'raunhofer made precise measurements of the wave-lengths of the 
chief dark lines which occur in the solar spectrum. He employed for this an 
instrument based upon the principle of interference, the optical grating. With a 
diamond, he ruled a great number of equally and very closely sj)aced parallel lines 
in a thin film of gold deposited on a glass plate. This grating simulates a prism 
in its ability to separate the wave-lengths of light; unlike the prism it p(‘rmits the 
wave-length of any line to be measured by direct methods described in detail in any 
textbook on optics. 

Because of the likelihood of mechanical imperfections in the ruling of even the 
best gratings (such as those ruled by Rowland) Michelson, in 1893, turned to the 
use of interferential apparatus. This represents a simplification of the principle 
of the diffraction grating, since the many thousands of waves which act simul- 
taneously in grating experiments are, in the interferometer, replaced by but two 
with a very large difference in path. The interferometer offers resolution prac- 
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ttcally without limit. Its use showed that spectral lines are often accompanied 
by other lines called ‘'satellites*’ and made possible the development of modern 
theories of the multiplicity of spectral lines. 

With the help of Benoit in the Bureau Internationale des Folds et Mesures, 
Michelson determined the wave-length of the cadmium red line with a precision 
far beyond that of all previous workers. By the use of a new interferometer, Fabry 
in 1900 and Perot compared the wave-length of the red cadmium line with the 
standard meter in Paris and found the wave-length to be equal to 0.000643846% 
mm., the observations being taken in dry air at IK^C. and at a mercury pressure of 
76 cm. This value agreed well with that of Michelson who reported 0.00064384700 
mm. for the same line. Seven years later Fabry and Buisson investigated certain 
other wave-lengths and from these measurements there developed the international 
system of wave-lengths, the precision of w^hich is probably one part in a million in 
absolute as well as in relative values. Standard values for many lines can be found in 
the '‘International Tables of Critical Constants” It may at first seem that such 
precision is unnecessary. Recently, however, numerical relations have been dis- 
covered between the w'^axe-lengths of different spectral lines emitted by the same 
element and these have led to the development of theories of atomic structure. 
At the present time the details of the structures of individual lines are being 
actively investigated. This work requires data of high precision. 

2. Units. The minuteness of the w^ave-lenglhs of the colors of visible light 
makes it desirable to express them in terms of units of length much smaller than 
the millimeter. In the ultraviolet, and sometimes also in the visible range, the 
Angstrom unit is emj)loyod. This is defined as I x 10"^ cm. It is commonly 
abbreviated by the letter A rather than the Swedish A. The cadmium red line 
is 6438.4696A. In the visible region many w^orkers employ a unit, ten times as 
large as the Angstrom (lOA), called the millimicron. A micron is the millionth 
part of a meter and the millimicron is the thousandth part of this, sim e milH in the 
metric system means “the thousandth part of” the unit to wdiich the term is pre- 
fixed. It is correctly designated by the symbol m/x, since the letter ‘'m” is the 
standard abbreviation for niilli, and that for the micron or, in general, '‘millionth 
part of.” 

Another manner of designating or identifying a given radiation is based upon 
the velocity with which light travels in a vacuum. The number of wave crests 
which pass a given point in a .second, i.c., the frequency of the light, is obtained by 
dividing the velocity of light expressed in centimeters per second by the wave- 
length in question expressed in centimeters. Fre(}uencies are of importance in 
connection with modern views of the mechanism of the emission of light from hot 
bodies. They involve very large and unwieldy numbers. 

Smaller figures may be obtained by dividing the true frequencies by the velocity 
of light. The units so obtained are known as w'ave- numbers and represent the 
number of crests within a distance of one centimeter of a wave-train viewed 
instantaneously. The wave-number is obviously the reciprocal of the wave-length 
expressed in centimeters, rather than in Angstrom units. It has been much 
employed in recording the data of spectroscopy. 

This account has been derived largely from an address by Charles Fabry, The Franklin Institute 
Centenary Lecture, Sept. 17, 1924. 

Following Kayser, the German authority on spectroscopy, the millimicron has been abbreviated 
as tLti by many writers. This is erroneous- smee it would logically mean the millionth part of the 
millionth part of a meter. The error was pointed out by Guillaume, director of the International 
Bureau or Weights and Measures m 191,?, but the misleading symbol is still frequently encountered. 
Camp, J. P., Science, 70, 4.53 (1929); Dorsey, N. E., Ibid., 71, 67 (1930), 
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Invisible Kadiations 

The vibible spertniiu coverv«i onlj^ the short rang:c of wave-lengths from 7200- 
7600A at ttic rcvl end to 3000-4000A at the vk»let end, the exact limits varying from 
one person to another, and from one species of animals to another. Tn 1800, Sir 
William Hcrschcl disro\crcd that the heating eOVet of simlight was not confitied 
to the vivSible portion of the spectrum from a prism since a thermometer placed 
beyond the red end where nothing could be seen sliowefl a higher temperature than 
when exposed to tlic red rays. About this time the existence of some form of 
energy beyond the violet end of the spectrum was demonstrated independently by 
Ritter and by Wollaston (1802). They showed that the decomposition of silver 
chloride (which occurs in the visible range as shown by Scheele in 1777) pro- 
ceeded even more rapidly in the invisible region. 

It was soon noted that both the heating effects of the infrared region and the 
chemical activity of the ultraviolet region are dne to radiations of the same general 
nature as those producing visible light Thomas Young showed the energy in the 
ultraviolet to be of wave nature by obtaining records on silver chloride paper of 
interference rings produced in this region. Phenomena of diffraction and inter- 
ference were demonstrated in the infrared by Fizeau and Foucault in 1847. The 
occurrence of Fraunhofer lines in the infrared region of the sun’s spectrum was 
demonstrated by Herschel in 1840; Becquerel i)hotographed them in the ultra- 
violet region. 

In 1860, Janies Clerk Maxwell laid the foundations of the modern theory of all 
these radiations by relating the mathematical theories of (ireen, Stokes and Kelvin, 
for wave motion as a generalized process, to the exjierimenlal demonstrations by 
Faraday of the electromagnetic fields set up by the motion of electric charges. 
He showed on theoretical grounds that electromagnetic waves should travel with 
the velocity of light and indicated that all these forms of radiant energy consist of 
such waves. 

Fitzgerald showed in 1883 that a coil carrying a rapidly alternating current 
should radiate weaves into the surrounding space. About 1886, Hertz produced 
these wa\es by means of an oscillatory discharge across a gap. lie also developed 
methods for detecting and measuring the wave lengths of these electromagnetic 
waves, which can be greatly varied, and showed that they can be reflected and 
refracted like light. Within a few years, Marconi employed them in wireless 
signaling. 

Radio waves are millions or billions of times longer in wavcdengtii than are 
those of visible light. The waves produced by Hertz were much shorter in wave- 
length than those employed in radio transmission. Recently, by a refinement 
of the method employed by Hertz it has been possible to obtain waves having 
lengths of only 0.1 to 0.2 mm.'^ These arc shorter than the longest infrared rays 
from the mercury- vapor lamp (0.4 mm.) or the Welsbach burner (0.6 mm.) as 
measured by Rubens. The wave-length regions of the Hertzian and infrared 
waves thus overlap and there is no fundamental distinction between the^e forms 
of radiant energy. The only reason for applying different names is to emphasize 
the experimental techni(iues employed for their production. 

Radiations Beyond the Violet 

In studying the ultraviolet region the same methods of resolution employed in 
the visible, the prism or the diffraction grating, have been used. For detection 


V^ichols, E F., and Tear, J. 1)., Ptot. Nat. Acad Sci., 9, 211 09231. 
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of th« radiant ener^*:y, a photographic plate usually serves. If one passes pro* 
gressiyely toward the short wave-lengths, the study of the ultraviolet begins with 
a minimum of difficulty. But as one advances into the shorter wave-lengths the 
difficult ies increase. At about wave-length 3400A, glass becomes so strongly 
absorbing that it is no longer of service and must he replaced by fjuartz or some 
similar crystalline substance. At about 2W0A, the solar spectrum ends, due to 
absorption by ozone in the higher levels of the earth’s atme sphere. By tlie use 
of artificial sources, such as the metallic arc, the short wave-lengths may be sup- 
plied in satisfactory intensity. It is comparatively easy to photograph and measure 
wave-lengths as short as 1850A, this limit having been reached by Cornu. From 
this point the difficulties increase very greatly as quartz becomes strongly absorb- 
ing and the gelatin of the photographic plates becomes so opaque that the radiation 
does not penetrate it and .so can no longer act upon the silver salt. Finally, with 
still shorter waves, air itself ceases to be transparent, all radiations being absorbed 
in a very small thickness. Schumann, working between 18^0 and 1903, overcame 
these difficulties by replacing the quartz by fluorite, by placing the apparatus in a 
vacuum and by making photographic plates with emulsions containing a minimum 
of gelatin.^ By the methods of Schumann it was possible to obtain the spectrum 
of hydrogen to 1200A, at which point fluorite ceases to be transjjarent. Schneider*^ 
has suggested that lithium fluoride may be employed in place of fluorite. 

Schumann did not actually measure the wave-lengths hut only estimated them 
by means of an extrapolation of the dispersion formula for fluorite. Particularly 
active among more recent woikcrs in the Schumann region have been Leon and 
Eugene Bloch who studied many lines of manganese, chromium, silver, gold 
and platinum sparks of wave-length between 1869 and 1330 A. 

For working further intf) the ultraviolet, the concave grating is employed as 
the resolving medium: as in the visible range, it has the advantage of giving 
directly the lengths of the waves. The grating, usually of about one meter radius, 
is placed in a container maintained at a very high vacuum. As, however, the gas 
piessnre surrounding the spark which .serves as the source of light cannot be too 
low, matters must be so arranged that the gas surrounding and carrying the dis- 
charge is not allowed to enter into tlie body of the spectrograph. This is done by 
separating the soxirce from the rest of the apparatus by a short and narrow slit and 
applying a powerful mercury diffusion pump at a point iust l.eyond this slit. With 
this arrangement, T.ymati succeeded in determining the lengths of the waves studied 
by Schumann; in addition to this, he extended the optical spectra to 510A in the 
case of helium. 

Millikan, Bowen and collaborators, as wvdl as PMIen and others, ha\e subse- 
quently measured lines ((‘initted by hot sparks) short 40.28A in the case of 
the stripped carbon atom, The existence of mtich shorter radiations than these 
had, however, been known since the discovery of x rays by Rdntgen in 1895 and of 
gamma-rays by Villard in 1900, X-invs have wave-lengths of the order of molec- 
ular dimensions or less. T>auc, in 1912, conceived the idea that the natural strata 
of a crystal might serve as a diffraction grating for such short wave-lengths, 
since the distance ])etvvccn the rulings would he that separating the rows of atoms 

« Direction*, for making llie«o plates aie K»veii by Hopficld, J J., and Appleyard, E. T. S., 
r Opt Sor. Ain . 22, 488 (19^2) 

** Schneider, K G, ^ Opt Am, 27, 72 (1917). 

Bloch, L. and E, J f’hM Fud^um, 6, 154 (1925) 

VI Lyman, T, /. Frank Inst., 201, .556 (1926), Asfrophyi ^ , 60, 1 (1924); Wood, R. W., and 
Lyman, T, Phi/ Mag,, 2, 310 (D>26) 

v-*Edl6n. B., Natufe, 127, 405 (1931). 
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in the crystal. On sending a bundle of x-rays through a suitable crystal the 
expected phenomenon of diffraction appeared. A short time later, Bragg attacked 
the problem by studying the reflection from a crystal face and succeeded in measur- 
ing x-ray wave-lengths. 

The characteristic x-rays of the elements range from 22A for the K-absorption 
edge of uranium to 0.1 07A. The longest x-rays measured by the Bragg crystal 
diffraction method are 21.53A, for one of the lines of chromium.^^ Compton 
and also Thibaut^^ have shown that ruled gratings of the kind used for measur- 
ing the wave-lengths of ordinary light can be employed to demonstrate the diffrac- 
tion of x-rays striking the grating at very small grazing incidence. This method 
has been much employed in studying the region between the x-rays and the shortest 
ultraviolet rays. 

Recent absorption measurements in the Schumann region show that many 
common compounds absorb these ultraviolet rays and suffer decomposition thereby. 
The photochemistry of this region seems destined to provide many important 
observations. 

The physicist has made considerable progress in exploring the region of wave- 
lengths somewhat longer than the usual x-rays by estimating the wave-lengths by 
the indirect method of resonance potentials. 7’he usual method of x-ray generation 
is by the bombardment of a metal target with high-speed cathode rays. A modifi- 
cation permits the generation of radiations within the longer wave-length range. 
The substance which is to emit the rays is bombarded by a stream of thermion- 
ically-produced electrons moving at lower velocities produced by accelerating them 
by definite alterable electrical potential differences. The energy which the bom- 
barding electrons can give to the atoms bombarded is thus known and may be 
expressed as the product of the charge of the electron and the potential gradient 
in volts per centimeter. The energy is in this way stated in units called electron- 
volts. Since the charge on the electron is constant, the energy is sometimes 
expressed less accurately as volts, for brevity. As the acceleration of the electrons 
is gradually increased by raising the potential difference between a plate and a 
charged grid through which the electrons pass, the energy possessed by the 
electrons becomes gre«at enough to enable them, on striking atoms in the gaseous 
space through which they pass, to excite the atoms to emit radiation. Certain 

critical energies (in electron-volts) are necessary for this to occur. The critical 

voltages are obtained in such experiments by finding certain discontinuities in the 
current carrie(;| by the electron stream as the charge on the grid is progressively 
changed. At 4.9 volts, in the case of mercury vapor as the emitting atom, a single 
line with a wave-length of 2vS37A appears. This is called the mercury resonance 
line. At 6.7 volts, one with a wave-length of 1844 A flashes out. The frequencies 
corresponding to the emitted wave-lengths are calculated by dividing the energy 
by a fundamental constant of nature, the quantum of action or Planck’s constant, 
the nature of which will he discussed in the next chapter. 

The method has been extended to the region of wave-lengths only slightly 

longer than x-rays. The emission of radiations in such experiments is made 

evident by a sudden increase of gaseous ioni/ation or of photoelectric effect as the 
accelerating voltages are gradually raised beyond the critical values. Holweek 

3»Thoraet3S, R., Phil. Man., 1, 312 (1926). 

Compton, A. H., Proc. Nat Acad. Set, 11, 598 (1925). 

i«Thihaut, J., Coffipt. rend., 182, 55. 1141 (1926): 185, 62 (1927); /. Phys. Radium, 8, 13 (1927); 
Nature, 121, 321 (1928); Physik. Z., 29, 241 (1928): 7. Opt. Soc Am, 17, 145 (1928); I3e BroRlie, 
Compt. rend., 190, 93 (1930) 

^Holweek, F., Compt. rend., 173, 709 (1921); 7. Chim. Phys., 22, 311 (1925) 
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has shown that a continuous radiation is produced when accelerating voltages 
between 25 volts (500A) and 280 volts (44 A) are eOiployed. lie used an appa- 
ratus consisting of a sort of Coolidge x-ray tube made entirely of metal in which 
the cathode and anode are separated by a distjmee of one millimeter. The tube is 
operated at potentials of 25 to 1800 volts. As the rays emerge from the tube 
through celluloid films of a thickneSvS of 0.00005 mm., they enter an ionization 
chamber. Superposed on the continuous spectrum there is a line spectrum charac- 
teristic of the element used as a target. 

These radiations lack penetrating power; this is the reason why it is necessary 
to use the thin celluloid window. They are said to be soft x-rays. The term 
hardness connotes penetrating power. Soft x-rays (but not as soft as those of 
Hoi week) have been used by Gunther in the examination of thin layers of 
biological products such as leaves or the wings of insects. These rays, which 
because of their greater ease of absorption, are better suited than hard xrrays for 
the treatment of skin diseases, are produced in tubes operated at voltages low 
(4 to 12 kilovolts) compared with those used for more penetrating x-rays. Egress 
is through a window of a special glass in which sodium, calcium and silicon have 
been replaced by lithium, beryllium and boron. 

As the wave-lengths increase from the x-ray to the ultraviolet region, the 
absorption of the radiations by many substances increases to a maximum beyond 
which there is a diminution in absorption as the better-known regions of the 
ultraviolet are reached, liolwcek found that 0.00027 mm. of celluloid, which has 
a relatively low absorption in comparison with other substances in this region, 
transmits only 3 per cent of the radiation of wave-length 310A at which it has its 
maximum absorption. 

The gamma-rays produced by radioactive decay, as measured by Ellis, have 
wave-lengths between 0.26 and U.OOSA. Very penetrating radiations known as 
cosmic rays, discovered by Wulf and by Gockel between 1909 and 1914 have 
recently been the subject of particularly extensive investigation bv Kolhorster, 
Regcner, Millikan, Compton, and many others Although some workers consider 
them HvS electromagnetic waves of extremely high frequency, most believe them to 
be some type of high velocity movement of minute corpuscles. They are certainly 
non-honiogeiieous , tlie highest freipiency hand has so enormous a penetrating 
power that it passes through 200 feet of water or 18 feet of lead before being 
completely absorlied, although two or three inches of lead alisorb the hardest 
gamma- rays. 

The Ele('trom\gnf.tk: Spectrum as a Whole 

The radiations from wireless telegraph waves to gamma-rays which make up 
the electromagnetic spectrum arc summarized graphically in Figure 1. The range 
of wave-lengths is so great that a logarithmic scale is required. A doutiling of 
the wave-length is called an octave, a familiar term in music. Tlie diagram of 
the electromagnetic radiations covers about sixty octaves, and of these, only one 
represents the radiations which are visible. In certain regions, as between the 
Hertzian and the infrared regions, an overlapping of the radiation known by 
various names, is indicated. This means merely that radiations of wave-lengths 
included in the region of overlapping have been produced by the methods which 
are usually employed for the production of wave-lengths on both sitles of this 

liiinther, P , /f, An(?rw Chem., 44 , 404 (1931), 

A, H, Natuir, 135, 695 (1935). 7'lie exi^itvnce of :i sliortesl t>ossil)le w.ivt’lenjflh of 
6.2X10~^’A hits been assiiivcd by A. March, .Z. Physik, 108, 128 (1937). 
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A consideration of the mechanisms by which radiations are produced 
indicates that the nature of the oscillator hearing the charge, whether it be a 
coil of wire, a molecule moving as a whole, valence electrons in a molecule or 
atom, or nuclear electrons, usually determines, although in a very indirect manner, 
the wave-length of the radiations produced. 

It is the wave-length which serves to characterize the nature of a radiation 
and to indicate its penetrability, chemical and optical properties and utility. The 
amplitude of the wave (or more accurately, the square of the amplitude) serves 
to visualize the intensity of the radiation. 
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Figure 1. Electromagnetic Spectrum. 


The impression has been given in the preceding discussiott that the wave 
theory offers an adequate expression of the behavior of radiant energy. It must 
now be pointed out that there are a considerable number of effects, partictilarly 
those concerned with the niechanis!ii of the emission and absorption of radiant 
energy, for which the wave theory lias no ready explanation. These effects are 
better comprehended on the basis of the quantum theory, according to which quanta 
or ‘‘bundles of energy” are emitted from the source, as explained in tlie following 
chapter. The quantum theory may be adequately applied over a considerable 
field, ^ notably to photoelectric phenomena, Bohr’s theory of the atom, and the 
relationship between the frequencies of lines in emission spectra. Indeed, it has 
served in the last few years as a great correlating principle for a wide variety of 
physical properties as diverse as the specific heats of elements and the absorption 
of radiations. 

Great changes in physical theory have arisen from the recent work of 
De Broglie, Schrodinger and of Heisenberg Their theories have led to the 
creation of a new system of mechanics in which the motion of a material particle 
is always associated with a wave motion, the wave length of which is determined 
by dividing Planck's universal constant by the momentum of the moving particle. 
Conversely, in the words of Planck, radiant energy traveling with the speed of 
light appears on interacting with matter, to “shrink together and concentrate itself 
at separate points which move like corpuscles, and for that reason are called light- 
quanta.” Each such quantum of radiation is now called a photon. 

It appears from the newly established points of view that there can he neither 
pure corpuscular motion nor pure wave motion in physics. Rather, every cor- 
puscular motion is attended by some measure of wave motion and every wave 
motion involves something of corpuscular motion. The distinction between the 

Planck, M., /. /^ranA, Jnst,, May 18, July 15, 1927, 
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two is only j^^radtjal and <iuantitative. The acceptance of such an unlooked-for 
conception has followed from the experiments of Davisson and Gerrner^ which, 
by revealing the diffraction of electrons, demonstrated the motion of even these 
minute particles to he such as to imply a wave-nature fbr them. 

On the other hand, the elementary quantum plays no part in the equations of 
Maxwell for radiant energy, which have not been invalidated in even the finest 
interference measurements. At present, therefore, physicists and photochemists 
employ both the wave and the quantum aspects of radiant energy in interpret- 
ing their data. Wave-lengths or frequencies are used to de.signate the quality 
of a radiation, ])ut in discussing its photochemical effects quantum concepts are 
necessary. 

Davisson, C., and Geimei, L. II., Phys. Rev, 30, 705 (i9Z7); Thomson, G P, Pror Roy, Soc,, 
All?, 600 (1Q28). 




Part I 

The Sources of Ultraviolet Radiations 




Chapter 2 

Mechanism of the Emission of Radiant Energy 

The occurrence of a photochemical reaction in the ultraviolet region presupposes 
the absorption of ultraviolet radiation. An understanding of the mechanism of the 
reaction involves a knowledge of the processes by which the radiant energy is 
absorbed by one or more of the reacting substances. Since the time of Kirchhoff 
it has been realized that absorption of radiant energy is the converse of the process 
by which it is emitted. Reference to this has been made in the preceding chapter 
in the discussion of the well-known Fraunhofer dark lines in the spectrum of the 
sun. Since our present views regarding the interaction of radiant energy and 
matter were derived chiefly from studies of the manner in which matter emits 
radiations, it seems logical to describe the emission mechanism of the ultraviolet 
sources in common use before proceeding to a consideration of the absorption of 
radiations by substances concerned in chemical reactions. 

Illuminating sources consist of some form of matter heated to incandescence, 
such as the carbon particles in an oil lamp or the luminous flame of a gas burner, 
glowing calcium oxide in the old limelight, rare-earth oxides in the Welsbach 
gas mantle, or electrically heated wires gkming in an atmosphere of inert gas- 
When, as in the first of tlicse, the temperature is relatively low, the color of the 
rays emitted is a mixture of red and yellow. Sources at higher temperatures emit 
increasing quantities of blue rays so that the color of the light appears more 
nearly white. At .still higher temperatures increasing amounts of the shorter 
ultraviolet rays appear. 

In 1869, Stefan showed that the total amotinl of energy emitted by a black body 
increases as the fourth power of its temperature Although the term ‘Ijlack body’^ 
refers to an ideali/cd conce])t like that of a perfect gas, Stefan’s law applies as an 
approximation to many substances, Tii experimental work, it may be approximated 
by a hollow sphere raised to a suitable temperature. The radiation emerging from 
a small hole is dispersed by a prism or grating and the intensities of the radiations 
in the various spectral regions are measured by a thermopile and galvanometer. 
Data of this sort are shown by the curves of Figure 2 in which the abscissae repre- 
sent wave-lengths and the ordinates intensities in arbitrary units. Curves for 
three temperatures are includerl. They rise with increasing temperature in accord- 
ance with the Stefan-Boltzmann law ; the areas beneath the curves vary as the 
fourth power of the temperature. 

It may also be luytcd that as the temperature is increased, the wave-length 
of the maximum intensity shifts from the infrared region to the visible range. 
The red just begins to show at a temperature of approximately ISOO^Abs. and 
the maximum lies at approximately 20000A. At the temperature of the tungsten 
lamp (2000^^Abs.), the maximum is at 15000A. At solar temfjeraturcs (approxi- 
mately 6000^ Ahs.), it is in the green region, a considerable proportion of ultra- 
violet rays also being emitted. Wien’s displacement law states that with rising 
temperature the emission shifts to higher frequencies. 

IS 
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After the establishment of these two laws of radiation, physicists sought a 
theoretical explanation of the manner in which an increase in the temperature of a 
substance might cause it to emit electromagnetic waves. Since such waves in the 
Hertzian region are known to be produced by the oscillation of an electrical charge, 
it appeared necessary to conceive of some type of charged oscillator either borne 
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by or located within the atoms of the solid which emits radiations. Mathematical 
physicists, notably Lord Rayleigh, Maxwell, and Jeans, attempted to develop a 
theory for the distribution of energy emitted by various hypothetical oscillators, 
with frequencies dependent upon the temperature. However, these attempts all 
led to the conclusion that when radiant energy is in equilibrium with matter, the 
total amount of radiant energy per unit volume should be infinite and that most 
of it should lie in the short-wave region of the spectrum. Actually, the laws of 
Stefan and Wien show that but a finite amount of radiant energy can be in equilib- 
rium with matter at a given temperature, and that only at higli temperatures 
does much of it lie within the ultraviolet. 
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This impasse was overcome by Planck,^ who in 1900, advanced a theory of 
radiation in which the i;notion of hypothetical oscillators could be made to account 
for the radiation of energy in the amounts and wave-length distribution required 
by the laws of Stefan and Wiein its acceptance was delayed because, in his 
derivation, Planck had been obliged to make certain assumptions at variance with 
the dynamics based upon Newton's laws of motion. The assumption was made 
that the energy of a vibrator in the heated body is increased only by jumps as the 
temperature is increased. These di>contimKms increments of energy were called 
quanta and led to the name of quantum theory for the new viewpoint. 

The iiivestigations of lunstein - on the photoelectric effect did much to secure 
acceptance for the quantum theory, since tliey demonstrated the existence of dis- 
continuities in the interaction of matter and radiant energy. Additional justifica- 
tion for the adoption of the radical concept of a discontinuity in the energies 
associated with matter in motion came in 1912 from a field of physics at first 
sight far from that of radiation when Debye ** successfully apjdied the (juantum 
theory to the study of the specific heat of solids. Perhaps the greatest factor which 
contributed to the pre^ent general acceptance of tlie (|uantum theory was the 
success of the work of Bohr on the interpretation of spectra, which was founded 
upon that theory. 

It is tlie purpose of this chapter to accpiaint the chemist who may be untrained 
in modern physics with that minimum of the newer viewpoint necessary for an 
understanding of the characteristics of the useful sources of ultraviolet radiations. 

To that end, it is necessary first to in(}uire into the meaning of Planck’s assump- 
tion. His idea implies that a phssical system can exist in only certain discrete 
energy states. On the accjuisition of energy, a system jumps from one to another 
of these stales without passing through a continuous series of intermediate ones. 
A rotating dumbbell possessing a definite angular momentum can acquire energy 
and assume a new state of more rapid rotation w ith greater angular momentum. 
It is usual to think of it doing so by speeding up through all intern >ediate speeds 
of rotation. The quantum theory, however, makes the radical assumption that this 
is not the case and that, in speeding up, the change in rotational energy is dis- 
continuous. Only certain rotational energies can be possessed by the dumbbell, 
and when speeding up, it can jump only from one to another of these. At first 
sight this seems contrary to everyday observation This is not, however, ncces- 
.sarily the case because the energies possessed by a large object in the permissible 
states differ so little that the speeding-up process appears to be continuous. Matters 
are quite different in the case of minute systems such as those of atoms or electrons 
where the discontinuity of the process dominates the ])icture. Poincare has shown 
mathematically that the tact that the total radiation from a black body at a finite 
temperature is finite rc(iuires that the ultimate motion involved in the mechanism 
of radiation be in some way discontinuous. 

Since the work of Planck, different, and in some respects more satisfactory, 
derivations of the (|uantum laws of radiations have been given by Jeans, ^ by 
Darwin and Fowler,''^ and by Einstein.” The last of these, which has led to one 
of the fundamental laws of photochemistry, requires that the molecules emitting 

M, Ann. , 4, 553 (1901). 

•JKinstein, A, Attn. Physik . 20, 199 (190o) 

'‘Debye, J*., Ann Physik , 39, 7«9 (191J), 

Means, Sir J, Fhtl. Matj., 20, 953 (1919). 

Mlarwm, (’. (I., and Fowler, K. H,, Phtl Mai), 44, 450 (1922). 

Einstein, A., F'hyxtk. Z., 18, 121 (1917). 
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radiations can exist only in certain definite energy states, and that when a mole- 
cule jumps from one state to another the accompanying loss or gain of energy is 
always one or more complete cjtianta of radiation, fractions of a photon not being 
emitted or absorbed. 

It is as meaningless to speak of the aniounl of energy in a quantum without 
specifying its frequency as it would be for a chemist to speak of the weight of an 
atom without stating to which element he referred. The magnitude of a quantum 
of radiation depends upon the wave-length (frequency) of the radiation. The 
relation between the masses of the atoms of different elements is a complex one, 
but that between the magnitudes of the quanta of radiations of various frequencies 
is the very simple one of direct proportionality. The frequency of the radiation 
multiplied by a constant gives the energy per quantum of that radiation. In most 
physical literature the frequency is denoted by the Greek letter p and the constant 
by h. Therefore, the energy c of a photon of radiation of a given frequency v is 
given by 

€^hv 

This means that the constant h can be expressed by h — e X that is, energy 

V 

multiplied by the recif^rocal of a frequency, which is the period or time of a 
vibration. The unit in terms of which // measured is then one of energy multi- 
plied by time, or erg seconds. The value of h has been determined by many 
methods to he 6.55 X 10 erg sec. The erg second is called by physicists a unit 
of action, this term being used to denote the pioduct of energy and time. 

When the quantum constant h is multiplied by the very large num])er which 
expresses the frequency of green light, the resulting energy is found to be still 
a small number, vT03 x 10 erg. This is nevertheless of such an order of magni- 
tude that its effects in producing discontinuities in radiation are disccrnilde by 
physical methods. Tlie quantum of energy associated with a line at 5800 A would 
be 1.6 X 10"'^® erg greater than that associated wnth one at 5891 A. 

CONTINUOl^S AXD LiNE SPF.CTRA 

The spectrum produced when the radiation emitted ])y a glowing solid is j)asscd 
through a prism blackens a photographic plate continuously and rather uniformly. 
An additional effect is produced wdicn gases or vapors at high temperatures emit 
light. In 1820, Sir John Tlerschel examined the spectra of the colored light pro- 
duced by heating certain salts in an alcohol flame and found the emitted energy 
to appear concentrated in lines corresponding to relatively few' w’ave-lcngths. Such 
spectra are called line spectra, or discontinuous spectra. I'he wave lengths at 
which such lines occur characterize the elements the vapors of wdiich produce them 
when heated. Bunsen and Kirchhoff employed these bright-line spectra in the 
detection of those elements which emit lines under these conditions. In the pre- 
ceding chapter, it was noted that the Fraunhofer black lines wdiich cross the 
spectrum of sunlight ai'e due to the absorption of certain lines by elements present 
in gaseous form in a layer surrounding the sun. The positions of these black 
lines on the w^a\e length scale correspond to the positions of the bright lines 
emitted by the same elements when heated and viewed directly. The identification 
of the Fraunhofer lines with those emitted by elemc'nls in the liihoratoiy provided 
the means by wliieh it became possible to determine wdiich elenuMils are present 
in the reversing or absorbing layer of gas surrounding the sun. 

The bright line emission spectra of the elements consist, when viewed through 
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a spectrograph, of a series of lines separated by regions of comparative darkness. 
They are produced as the result (jf processes occurring in widely separated atoms 
or molecules of substances in the vapor or gaseous ^ate. The same processes 
ocair also in the atoms or molecules comprising incandescent solids, but in this 
case any natural frequencies of rotation or vil^ration associated with these atoms 
or molecules are masked by effects produced l>y the continuous bombardment of 
neighboring atoms or molecules. The result is that the spectrum is continuous 
and yields no information in regard to the nature of the atoms or molecules present 
in the incandescent solid. As indicated in Figure 2, the predominating frequency 
is, instead, a function of the temperatuie. Sfm)e exceptions to this statement may 
be noted The rare earths used in the Wcisbach gas mantle, when heated to 
incandescence, emit line spectra. Nichols'^ described ten or more crests on the 
brightness curve of glowing neodymium oxide, which, however, bear no relation 
to the true line emission or al)sorption spectra of this compound. The theory of 
the origin of this type of spectrum has recently been discussed by Van Vleck.^ 
Grain si/e influences the nature of the temperature radiation from other metallic 
oxides.*^ 

Just as certain incandescent M)lids give indications of line spectra superposed 
on their continuous radiation, so conversely gases or vapors produce beneath their 
characteristic line spectra a more or less faint continuous background. Its origin 
has been attributed to the effects of free electrons of varying kinetic energies join- 
ing with ions to prodtice atoms or, in the case of molecules, to recombination of 
free atoms possessing varying kinetic energies. (See Chapter 9.) 

There are two kinds of line spectra, those emitted by atoms and those emitted 
by diatomic or polyatomic molecules. The latter spectra, t.c., molecular spectra, 
were called band spectra by the earlier spectroscopists whose apparatus of low 
resolving power revealed them only as a number of bands of light and darkness 
often overlapping to produce a channeled or fluted apj)carancc. With more modern 
equipmctit they have been resolved into groups of lines. Molecular spectra will be 
reserved for discussion in Chapter 13: the remainder of the present chapter will 
be devoted to a consideration of the order umlcrlying the positions of the lines in 
atomic spectra, and the theories of the mechanism of emission of radiation which 
have been devised to account for it. 

The photoebemist needs to know something of the theory of line spectra for 
two reasons. In the first place, his sources of radiation are predominantly means 
for treating gases or vai)ors of (dements so that they emit line spectra, (In most 
sources the line spectra are somewhat rornjilicatcd by the incidental production of 
some molecular spectra ) The lines which carry the radiant energy are at first 
sight spaced quite at random, and the intensities of different lines vary greatly in 
an apparently irregular manner. If it is desired to carry out a reaction by energy 
of wave-lengths between 2500 and 2()00A, it is necessary to know which sources 
emit line spectra having strong lines located within this region. If. on the other 
hand, one wishes to test the action of the region of 2800-2900A, a source must 
he chosen having strong lines in that region, and only faint ones, if any, in the 
2500- 2600 A region. 

In the second place, tlic photoebemist must understand the t>rocess by which 
molecules absorl) energy. Since this is the converse of the process by which they 
emit molecular spectra and is quite complicated, it may best be approached after 

’Nichols E. n., Proc, Nat, Acad. Sri. 11, 47 (1<)2S>; Chem. Ahs , 19, 1376 (192S). 

»Van Vlcck. J. 11, J. Phys. Chem.. 41, 67 (1937). 

»I/iebmann. G., Z. Physik, 63, 404 (1930); Skaupy, F., Physik. Z., 28, 842 (1927), 
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the principles re/^ardiag- the eiuission of atomic spectra are understood. Further- 
more, the theory of atomic spectra itself represents one of the most important 
contributions which the students of the physics of ultraviolet radiations have made 
to chemistry, for it was the work of the spectroscopist which laid the foundation 
upon which have been erected the present theories of atomic structure. 

C I-ASSIFfCATIUN OF IIIK [.INKS IN AlOMK SPFt'lRA INTO SeRIKS 

The spectrum of hydrogen, as obtained in a Geissler tube, consists of compara- 
tively few lines. One is red, one blue, two are violet and man\ lie in the ultra- 
violet region. (Figure 3 ) They are spaced far apart in the visible and approach 

haHvHjr Hv HxHicHi Hr, Hi K H-H< He Hy 

iliiiiiill 1 1 I I i i i III 

Figure 3. Balmer Series. (Eldndge, “Physical Basis of Things/’ New 
York, Mc(iraw-Hill Book C'o ) 

each other more closely as thc‘ region of higluT freciuenctes is approached. They 
occur at 6563, 4861, 4M0, 4102, 3^70. 3886, and 3825A. About 31 of these lines 
are recognized, piling up more closely to each other to reach a limit at 3646A. 
These lines are called the Balmer series after the scientist who showed in 1885 
that the frecjuencies of the first nine lines could he expressed by a simple mathe- 
matical equation implying an underlying regularity. 

Rydberg employed a more general expression which in a modified form applies 
to many elements. In the simplified form applicable only to hydrogen, it is 



where and Wo integers fij being the larger, t' the frequency of one line 
in the hydrogen spectrum, and R is a constant. By letting R be 106,737, ji, he 2 
and Wo be successively 3, 4, 5, etc , the successive values of y given by this expres- 
sion correspond to the oliservcd frc(|ucncies of the spectral lines of Balmer, 
expressed in w'ave numbers It is to he noted that the wMve-numher (or fretjuency 
divided by 3x10^^’) is given by this expression as the difference Ix'fween two 
terms. If the second term is nearly as large as the first, as when is only one 
unit greater than n,, the difference ])ctween the two terms or the frecjnency of the 
line, is small, and the line lies in the red region Since nj is in the denominator, an 
increase in its value will low'er the value of the second term, making its difference 
from the first term greater and thereby increasing the fretjuency of the correspond- 
ing line. Successive increments of increase the frerjiiencies of the corresponding 
lines by progressively smaller amounts. When «2 becomes infinitely great, the 
second term disappears and the exjiression reduces to the frequency of tlie first 
term. This is, therefore, the limit of the series. 

Tf, now, the calculation is repeated, this time starting with 3 for and 4. 5, 6, 
etc. for series of frefjuencies approaching a different limit will he 

obtained. The frequencies are such that these lines fall in the infrared region. This 
series of lines was discovered by Paschen in 1866. By starting with 4 for still 
?%nother series of lines can he obtained; its limit lies still farther out in the infrared. 
J.ines of this series were disco\ered by Brackett in 1622. When is made equal 
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to one, the equation yields a series of lines in the ultraviolet Most lie far out in the 
difficultly accessible regfion; they were discovered by Lyiuan. 

Theory of the Mechanism of the Emission of Line Spfxtra 

The Hydrogen Spectrum. The fact that the frequency of a spectral line is 
related to the difference between two terms was long a source of difliculty to the 
theorists who conceived of the spectral frequencies as in some manner related to 
natural frequencies of intra-atomic vibrations. The spectra of more than twenty 
elements had been resolved, at least in part, into series when Bohr in 1013 success- 
fully employed the quantum theory of Planck in accounting for the origin of the 
lines in series spectra of the elements. He applied the new and almost unaccepted 
idea of the discontinuity of “action*^ to the dynamics of the structure of the atom 
as pictured by [.ord Rutherford, lii Rutherford’s theory an atom is composed 
of a central positively charged nucleus around which there revolve in closed orbits 
as many electrons as are re((uired to balance the positive charge of the nucleus. 
The positive charge of the nucleus as well as the number of electrons is equal 
to the atomic number the element. The hydrogen atom consists of one electron 
revolving around a nucleus of equal and opposite charge. In helium, there are 
two revolving electrons, in lithium three, in carbon si.x, and so on to uranium 
with 92 electrons. 

Although the orbits of the electrons are conceixed as elliptical, it is perhaps 
simpler to regard them as circular in an intrcnluctorv consideration of the theory 
as it applies to hydrogen. The electrostatic fon'c of attraction between the electron 
and the oppositeh charged nucleus iMlances the centrifugal force of rotation of 
the election and so holds it in its orbit A dillicuhv aiises when the radiation of 
energy by such a system is considered. Motion in a circle is accelerated motion. 
It is fundamental in elect ro(hnamics that an accelerated charge radiates energy, 
and the electron would lie c.\ peeled to spiral in gradually toward the nucleus. 
Actually, howexer, the sjiectroscopisl knoxxs that an atom emits no measurable 
radiation unless energy is supplied to it in some manner as by mechanical impact, 
by lieat oi by an electrical discharge. 

The discrepancy hctxvcen the expei imental lesulls and those expected on the 
basis of electrodynamics was as serious as that encountered in the study of black 
body radiation, which IManck had met by making the radical a^sunlptions of the 
quantum theory. Bohr met the difficulty in the same manner by adopting the 
theory of Planck. He assumed it possible for the electron of the hydrogen atom 
to revolve, xvithout radiating energy, in certain discrete orbits in which its angular 
momentum nni' ( m is the mass of the (dectron, its angular velocity, and r the 
radius of the orbit) is an integral multiple of ///27r, that is, nh/ln. By using 
knowm values of the mass and charge of the electron, it was possible to calculate 
from this quantum condition and an e{{iiation relating the centrifugal force and 
the electrostatic force bctxxeen the electron and the nucleus, the radii of the orbits 
in which the electron could move xxithout radiating energy Iduxse were found to 
have radii of 0,5. 2.0, 4.5 and 8/\, wlien n, called the (juantum number, had the 
successive values 1, 2, 3 and 4 The radii of the permitted orbits increase as the 
squares of the quantum numbers. Each such orbit represents a stale in which the 
hydrogen atom possesses a calculable amount of energy. Thus the atom may exist 
in definite energy states, or may he said to possess definite energy levels. 

Bohr assumed that energy is radiated only during the time in which the electron 
falls from an orbit in which the atom has greater energy to one in which it has 
lesser energy; that is from an outer to an inner orbit. The energy emitted is the 
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difference between the energies possessed !>y the atom in the initial and final 
states. The transition may be either between adjacent or more widely separated 
permissible orbits or energy states. In terms of the quantum thory, the energy 
radiated is expressed by kv. Therefore, the difference between the energies in the 
initial and final states when divided by h yields the frequency of tlie line emitted. 

It appears, therefore, that in the Bohr theory the frequency of the emitted line 
is not directly related to that of any vibration in the atom before or after emission, 
but to a difference between the energies possessed by the atom before and after 
emission. Emission from an atom persists for but a very brief period. The per- 
sistence of the lines seen to be emitted from a discharge tube is due to the suc- 
cessive emissions of the line by different ones of the great number of atoms in the 
tube. Of these, some at a given moment are in the resting state, others are being 
excited by the electrical discharge as a preliminary to emission, others are in the 
excited state in which the atom holds the energy acquired during excitation, and 
still others are emitting the observed line. Bohr’s theory affords an explanation 
of the fact that in the Rydberg formula the wave-number of the emitted line is 
represented as the difference between two terms. 

In terms of this theory, the various sources of ultraviolet light arc devices for 
introducing energy into atoms (or sometimes molecules) in order to raise them to 
higher energy levels. This process is called excitation. In the T^i>hr picture, this 
consists of shifting an election from an inner orbit, in which its potential energy 
has the greatest negative value, to an orbit of greater radius. The excited atoms 
have but a very transient existence, usually of the order of 10 ^ ‘^ccond, after which 
the electron drops to an orbit of lower energy, which may or may not be the 
innermost oihil. (t is during this process that a spectral line is emitted. 

A transition of an electron from the second to the first energy level is accom- 
panied by the emission of the first line of the Lyman series of hydrogen lines in 
the ultraviolet. An atom in which the electron transition is from the third to the 
first energy level emits the second line, one from the fourth to the first level emits 
the third line, and so on. The differences in energy in the successive energy 
levels lessen as n becomes large. Therefore, the differences between these higher 
levels and the resting kn el differ less and less as n becomes large and the successive 
lines of higher frequency occur closer together as the limit for infinite ii is 
appi oached. 

It is by no means al\^.l>s the case that the electrons fall hack from higher 
levels to tiie resting level or innermost orbit. When they fall hack only to the 
second level, the lines of the Bahner scries are produced. Transitions to the third 
level gives the lines of the Paschen series. These statements follow directly from 
the Rydberg formula, the number used for giving the orbit to which the elec- 
trons drop during emission. 

It may not be apparent why thirty or more lines of the Balmer scries are seen 
simultaneously in the emission from a discharge tube. In any source there is 
present a tremendous number of atoms, some moving with high and some with 
low velocities, and otliers at rest. When such a mass of atoms is excited by the 
passage of an electrical discharge, there arc differeiK'cs in the states of excitation 
attained by different atoms. Some aie e\( ited to the setond, and others to various 
other energy levels, even very high ones. Each atom then emits in a manner 
depending upon its state of excitation. When the radiation fioin the whole 
collection of emitting atoms is viewed through a prism, the lines resulting from 
e^i of the many types of transition in progress in different atoms are seen simul- 
taneously. The relative intensities of the lines arc related to the probetbilities 
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with which the excited states giving rise to the lines are produced under the 
experimental conditions of excitation. 

Elements Other Than Hydrogen. In the case other elements, the line 
spectra are much more complex. In the iron spectrum, there are thousands* of 
finely spaced lines. King^*^ has recorded more tlian 3000 lines in the cerium 
spectrum, 1600 of which lie between 3000 and 4700A. 

In the case of the spectra of the alkalies, it was found possible to classify the 
lines, at first by their distinctive appearances, into four series. Three of these 
were named by Rydberg the principal, sharp and diffuse series. A fourth series, 
discovered by Bergman in the infrared region, was called by Hicks the funda- 
mental series, for reasons no longer pertinent. The descriptive significance of 
these names is not maintained in the case of more complex elements but because 
of their historical significance they have been generally retained and their abbrevia- 
tions, P, S, D and F, are in common use in the designation of spectral terms. 

The Rydberg formula for the frequencies of the lines of a series for the alkalies 
differs from the simplified form applicable to hydrogen in having two additional 
constants, fti and ftn : 

1 1 

These constants have fractional values characteristic of the elements. These differ 
also for lines of the sharp, principal, diffuse and fundamental series of a given 
element. In the case of sodium, when fii is 0 626 and is 0.13, the expression, 
using n| = 1, gives the lines of the principal series. If is taken as 2 and the fii 
and /io values arc reversed, the lines of the sharp series are given. By replacing 
fi >2 hy a new constant, ^13 == 0.99, in the second term, the lines of the diffuse series 
are obtained. By making = 3, using in the first term and still another con- 
stant /44 - 0.999 in the second term, the infrared lines of the Bergman or funda- 
mental series are found. These four constants, known also as '‘defects/^ arc only 
approximations, and the lines are never given as exactly as is the case with the 
simplified expression for hydrogen in which ‘‘defects*^ may be neglected in all but 
the most accurate work. 

The existence of these “defects” and the resulting occurrence of lines of sharp, 
diffuse, principal and other series, implies that the energy states of the alkali 
atoms cannot be sufficiently characterized by the single quantum number n, A 
second number L is required to distinguish the energy levels which exist In the 
earlier development of the theory it was assumed that this was due to the fact that 
the orbits were elliptical rather than circular/ Electrons moving in such orbits 
would have, in addition to a rotary motion about the focus at which the nucleus is 
situated, a radial motion toward and from the nucleus. For each of these forms 
of periodic motion quantized energy states were postulated. This increased the 
number of energy levels, since for each n value there may be several L values. 
In general, the energy differences between L states with the same n value 
are less than those between the states with successive n values. It has been 
found that L, called the orbital quantum number, may have the value zero, or 
any integer up to one less than the value of n* An energy level or term for 

i»King, A. S. Pbys. Rev., 29 , 366 (1927). 

^ It 18 unnecessary to discuns in detail the history of the development of the theoiy of these quantum 
numbers or of others since introduced. They were first anived nt by an extension of the Bohr theory 
by Soxnmerfeld, but have subsequently been found to eraeige naturally from the theories of quantum 
mechanics, 
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which L is ztro is an S term, one for which it is 1 a P term, one for which it is 
2 a D term, and one for which it is 3 an F term. 

As in the case of the Bohr theory of the hydrogen atom, the spectral lines result 
from transitions from higher to lower energy levels. Not all of the theoretically 
possible transitions between terms are found to occur under the usual experi- 
mental conditions, or, as the spectroscopist would express it, not all terms combine 
to give lines. It has been found possible to predict which transitions may occur 
by the aid of certain selection rules. These were originally obtained empirically, 
but have since been found to have a theoretical basis. One selection rule states 
that, in absorption or emission, L must increase or decrease by one. In other 
words, transitions may occur only between states whose L values differ by but one 
unit. S states can undergo transitions only to or from P states, but P states may 
combine with either S or D states, D states with P or F states, and so on. Other 
transitions are said to be forbidden. Selection rules are not, however, absolutely 
binding, since under certain conditions, lines corresponding to transitions other 
than those given by the rules may appear with low intensities. Thus, the term 
forbidden is a misnomer, since forbidden lines are really lines corresponding to 
transitions of only low probability. The quantum mechanics affords methods for 
calculating the probability of transitions. 

There is no selection rule limiting the number of integers by which the principal 
quantum number n may change in a tiansition. 

Spectroscopists denote a spectral line by writing the terms separated by a dash. 
In writing the terms the abbreviations S, P, D, etc. are used to indicate the 1 . value 
of each; these are preceded by numerals for the n value of eacli. Thus a line of 
the principal series may be written lS-21b or in general, 1S-M^^ successive values 
of n giving the successive lines of the series Tdnes of the sharp series are 
given by 2P wS, those of the diffuse series by 2V-nV>, of the Bergman senes by 
3 D-mF. The symbol of the last term refers to the series of which the lines are 
members. The first term gives the limit of the .scries. The sharp and diffuse 
series of lines of the alkalies approach the same limit, depending upon whether 
L increases or decreases by one in falling from a state of greater to one of lesser 
energy. 

P'urther complications arise when the processes of emission or absorption 
occur in a magnetic field. Under these conditions, a given line may l)e split into 
several lines (Zeeman effect). E\/en without the application of a magnetic field, 
certain lines of the alkalies, e.g., the D line of sodium, may be obsetved to be 
resolved by a sjnxtroscope into two closely adiacent lines, called a doublet. Tn 
the case of elements of other groups of the periodic system there may be triplets, 
r|uadruplcts and even higher degrees of multiplicity, thus greatly complicating the 
spectra. In .some cases, the corresponding lines of multiplets may not lie close 
together but may be hundreds of Angstrom units apart and be separated by great 
numbers of intervening lines. 

These effects may be accounted for by considering that the terms are split into 
others of but slightly different energy levels. Thus, to characterize the greater 
number of terms implied, a third quantum number, J, called the inner quantum 
number, is employed. In writing the terms, the value of J is placed as a subscript 
to the right, as in IS^^o* 2 P 3 / 2 , etc. The niultipHcities of the terms are indicated 
by upper left indices, as in A selection rule states that J may either increase 

• n a discussion of this notation, sec Kusscll, H. N., Shenstone, A. G, and Tttrner, L. 

Rev., 33 , 900 ( 1929 ). 
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or decrease by one, or need not change in a transition, except that in cases in 
which it is initially zero, it must change. 

The multiplicities exhibited by an element depend upon its position in the 
periodic table and must, therefore, be related to the electronic configuration of ^he 
atom. The terms of atoms with an even number of electrons have odd multi- 
plicities. Those of atoms with an odd number of electrons have even multi- 
plicities. Elements of the alkalies have doublets, those of the alkaline earths 
singlets and triplets, those of the next group doublets and (juartets, and those of 
the next group singlets, triplets, quintets, etc. 

Many attempts have been made to arrive at a physical interpretation of these 
features of the spectral terms by extending the Bohr theory to atoms having 
more than one electron. These take into account the interactions between the 
electrons, and involve complexities of interest chiefly to the specialist in atomic 
spectra.^- It need only be nientioned here that this development showed the need 
of a new concept — the electron spin — introduced by Uhlenbeck ^nd Goudsmit^^ 
and by Bichowsky and Urey.^^ This assumes each electron to rotate about its own 
axis besides moving in an orbit about the nucleus.* The electron spin has an 
angular momentum 1 /2 h j2it. 

The effects of the spins of the electrons in the atom (only the valence electrons 
or those outside the kernel need be considered) may be lumped together by the 
methods oi vector analysis into a resultant spin vector S for the atom. This 
asstnnos only certain discrete values. If all the spins are parallel, S is equal to 
one-half the number of electrons since each contributes 1/2. The contributions of 
antiparallel electrons neutralize each other. For example, if as in the alkaline 
earths, there are two electrons outside the kernel, S will be one if the spins are 
parallel and 0 if they are antii)arallel. The extreme values w'hich the quantum 
number J may possess for a given L level for a given atom are obtained by adding 
L and S and by subtracting S from L. J may also have all intermediate values 
which differ from these extreme values and from each other by integers. This 
means that if L is greater than .S, the number of J vahies for a given L (the 
multiplicity of the term) is given hy 2SH-1. 

It must now be emphasized that the Bohr theory, although useful in stimulating 
the earlier development of the theory of spectra, had many arbitrary features 
and, indeed, })robat)ly was in error in certain features. The quantum numbers 
and selection rules have sul)se(|uently been .shown to emerge more logically from 
quantum mechanics. 7'hc methods employed require a degree of mathematical 

For account^i of tlifsc sec hooks atonur speetta The followinf? have been consulted m pre* 
paring this brief sumniai v lobnson, R (\ “Spectra,’' l.ondon, Methuen, 1928; Iferzbeit?, G., 
“Atomic Spectia and Atomic Structure.” New York, Prentice- 1 Fa 11, 1937, White, H, L , “Introduction 
to Atomic Spectra,” New York, Mr( Ir,rw-Hill, 19,34, ramllei, A. t*, “Atomic Spectra and the Vector 
Model,” 2 Vols , CambridKC Univ Press, l‘b37 An exhaustive bibliography has been given bv 
Gibbs, R C., Frv Mcn/rm Phvcjrs, 4, 278 ('1933 >. 

i** Uhlenbeck, G F„ and Gouclsmit, S, Nattinvtss, 13, 953 (1925), Nature. 117, 264 (1926); see also 
Compton, A H , hrank. fust, H'i, J9J1, Aug 

Bichowsky, F. R., and Tb-ev, H (' . P/or Nat .'-had Sru, 12, 80 f192f)) 

* The state of each individual election m an atom can be described hy four quantum numbers, 
n the principal quantum number, P the orbital quantum number, mt the magnetic quantum number, 
and the electron spin number, it can have any integial value, / can have any integral value up to 
one less than n. ni, mav have anv integral value lictwecn / and - including rero, (or a total num- 
ber of possible values equal to 2/ + 1), and can have only the values -*1/2 or 4 1/2. Pauli's 
exclusion principle states that no two elettrons in the same atom can have all four quantum numbers 
the same. This principle and the resttictions on the values which the quantum numbers mav possess 
permit the desciiption of the electron configurations of the atoms of all the elements of the periodic 
table. Fowler .states that it is possible to predict from the electron configuration of an element, 
however complex, the main feature.s of its spectrum. 

18 Pauli. W. Jr., Z Physik, 31, 765 (1925). 
w Fowler, A., /. Ckem. Sac., 1928, 777. 
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traimng possessed by relatively few chennsts and must be sought in special texts. 
This development has arisen from the work of Heisenberg on matrix mechanics 
and independently from the introduction by Schrodinger of the wave equation 
of De Broglie into the classic equation for the propagation of elastic waves. 
The result of the latter approach was a differential equation which could be 
applied to the motion of the electron in the hydrogen atom. This equation has a 
discrete set of solutions called eigenfunctions which represent energy states of the 
atom. According to these theories, the electron orbits of the atom have lost their 
once-assumed definiteness and it is possible only to calculate the probability of an 
electron being found within a definite minute volume of space. They do, how- 
ever, confirm the existence of definite energy levels, transitions between which give 
rise to the .spectral lines. Indeed, it may be said that although the Bohr theory 
had assumed their existence, their occurrence was nevertheless inexplicable and, 
until the advent of the quantum mechanics, marked a sharp break with all pre- 
vious conceptions of electrodynamics. 

Experimental data confirming the existence of definite atomic energy states 
are now abundant. The stepwise excitation of atoms by the impacts of electrons 
carrying definite amounts of kinetic energy was mentioned in Chapter 1. This 
stepwise production of various spectral lines in succession has, since the pioneering 
experiments of Franck and Hertz, been carried out in the case of many elements. 
For example, Schulze has excited argon in seven stages. The method offers 
great experimental difficulties and the literature contains many discrepancies in 
the values assigned to the various resonance potentials of the elements by modifi- 
cations of this method. 

The various spectral lines or groups of lines may be also produced in an 
analogous .step-wise manner by carefully controlled thermal excitation of the 
elements. In the Pasadena laboratory of the Mt. Wilson observatory, King vola- 
tilized the metals in a graphite tube electrically heated in a specially designed 
furnace to temperatures not far below that of an electric arc. He showed that 
calcium vapor yields a line at 4227A at relatively low temperatures, and tliat lines 
at 3969 and 3934A appear only at temperatures above 2400° C. He has also 
given 22 temperature classifications of the lines of strontium, barium, magnesium, 
iron, titanium, vanadium, chromium, cobalt, nickel, manganese, scandium and 
many other elements. In the case of iron, he has grouped 902 lines according to 
their occurrence or absence when the temperature is 1600-]700°C., 2000° C., or 
2500-2600° C. Only eleven lines are emitted at 1400°C. The method, which has 
also been employed by others, is chiefly of value to the spectroscopist as an aid 
in classifying the lines into various series. 


Production of Tons in Ultraviolet Sources 


The chemist is familiar with ions produced as the result of electrolytic disso- 
ciation in aqueous solutions. The physicist, however, frequently encounters ions 
in the gaseous state, since by the application of high temperatures, electric dis- 


n Heisenberg, W., Z. Phystk, 33, 879 (1925). 

SchrSdinger, E., Ann. Physih, 79, 361, 489, 734 (1926); Pky$. Rev., 28, 1049 (1926). 

'BtogVie, E., PkU. Map , 47, 446 (IW); Ann. de Pkys., I, 22 092SV 
Schulze. B., Phystk, 378 (1929). 

« K/n«r, A. S, I., 28, 369 (1908); 29, 381 (1909) 

»» Ihtd., 29, 190 (1909): 48, IJ (1918); 51, 179 (1920)- 37, 239 (1913) • S6 liK 
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charges or certaiip radiations, it is possible so strongly to excite an atom that one 
or more of its electrons is sent to an orbit extremely far from the nucleus. Since 
the attractive force of the nucleus becomes insufficient to hold the electron in a 
far distant orbit, it becomes lost to the atom, and shoots out into space where, as a 
minute particle, it behaves as an independent unit, and is one of the particles 
making up an “electron gas.'^ The atom which has lost the electron or electrons 
is called an ion. 

The work necessary to remove an electron from an atom is greater than that 
required to displace it to any of the hypothetical orbits representing the stationary 
energy states of the atom. It is the ionizing work; when expressed in electron- 
volts, commonly shortened to volts, it is called the ionization potential. It is 
greater than any of the potentials corresponding to the excited states. In the 
case of mercury, it is 10.4 volts. 

To ionize an already excited atom requires less work than is needed in the case 
of an atom in its stable state. To ionize a hydrogen atom which is already excited 
to a high energy level requires less energy than to ionize one excited only to a 
lower energy level. The difference between the amounts of energy required for 
ionization in these two cases represents the amount of energy required to raise 
the atom from the lower to the higher stage of excitation. This would be the 
amount of energy emitted in a spontaneous return of the atom from the higher to 
the lower energy level. By multiplying the frequency of the emitted line by the 
Planck constant, the value of this energy is obtained in ergs. 

By botli the spectroscopic method and the method of studying the effects on 
atoms of impacts of electrons accelerated by electric potential gradients, physicists 
have obtained a large amount of information regarding the energies required to 
excite atoms of most of the elements to various energy levels, or to ionize them. 
The detailed results have been summarized by Bacher and Goudsmit.^'* The 
ionization potentials of a few of the elements most frequently employed in sources 
of ultraviolet rays are given in Table 1, which also includes for some a resonance 
potential and the energy required to expel a second electron frorti an ion of the 
atom. 

Table L — Resonance and Ionization Potentials of Various Elements. 




Ionization 

Potent lals of 


Resonance Potential 

Atom. 

Ion 

Element 

f volts) 


- (volts) — , 

Hydrogen 

10,4 

13.5 


Helium 

20.4 

24.46 


Carbon 

• • f 

11,2 

*24.3 

Nitrogeit 

8.2 

14.5 

2Q.5 

Neon 

11 8 

21.5 

40,9 

Sodium 

21 

5.1 


Argon 

13 2 

157 

27.8 

Mercury 

4.9 (6 67) 

10.38 

1865 


Energy-Level Diagrams. The transitions permissible between the energy 
states of an atom are most readily set forth in diagrams called energy-level dia- 
grams or Grotrian diagrams.-^ These serve also to indicate the energies in the 
varioiL^ levels. Such a dial: ram for mercury is ^^iveu in Fissure 4. 

A lujrizinital line at the top of the diagram n*prcsents the energy of the ton, 

Baclu-r, K I',, and Gotid-siuit, S, “Atomic Eneigy Stales,” New Yoik, MeOiaw Hill Book Co, 

1932. 

Grolrian, W„ *‘Granhischc Darstellung der Spektren von Atomen mid loncn mit ein, xwej, und 
drei Valcnzelektronen/’ 2 vols., JuliuK Sponger, Berlin, 1928. 
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which is arbitrarily taken as zero. A dot placed near the bottom of a vertical 
line at the left of the diagram indicates the energy of the stable or normal state of 
the atom. The distance at which it is located below the zero energy state of the 
ion on a suitable scale represents the energy which must be put into the atom to 
ionize it. Since the atom in its normal state has less energy than the ion, which 
is arbitrarily taken as zero, the energy associated with the atom or with any state 
of excitation less than ionization, is considered to have a negative value. The 
energy values ate frequently expressed in electron-volts, since in many cases the 



Figure 4. Energy-level Diagram for Mercury (W. Grotriaii, “(irapbische Darstellung 
der Speklren von Atomen niit ein, zwei und drei Valenzelektronen/’ Courtesy of 
Julius Springer, Berlin). 

infonnation was obtained by the method of ciilical potentials As the tliagram is 
als(j intended to yield the frei|uencies of hues emitted during transitions from (jnc 
slate to another, it is convenient to employ also a vertical scale giving the fre- 
quencies corresponding to the various energy stales. This can lie obtained by 
dividing the energies in ergs liy Planck’s constant /;. Division by the velocity 
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of light converts these frequencies into the more convenient wave-numbers. 
Usually, the levels are determined spectroscopically by multiplying the wave-number 
of the line by he to obtain the increment of energy between the energy levels. 

Energy-levels for each of the S, P, D and F terms are desigiiated by short 
horizontal marks. Doublets, triplets, etc. are indicated by using separate columns 
for each member of the multiplet. I'he state of excitation for each electron is 
usually denoted by giving the principal quantum number as a numeral for each 
short horizontal line marking an energy state. 

Diagonal lines are drawn connecting the various states in accordance with the 
selection principles. The difference between the wave-numbers of the states 
connected by a diagonal line yields the wave number of the spectral line. Trans- 
sitions between terms of unequal multiplicity are called intercombination lines. 
They violate the selection rule that when J is 0. its value must change. It happens, 
however, that the prominent mercury resonance line, 2537A, is such an inter- 
combination line. 



Chapter 3 
Survey of Sources 

The various sources of ultraviolet radiations are all devices for the application 
of energy to atoms and molecules, usually in the vapor or gaseous states, for the 
purpose of exciting them to higher energy-levels. The differences between the many 
types of apparatus lie in the choice of the atoms which are excited, in the form of 
energy applied for the excitation, atid in the means adopted for its application. 

Once the excitation has been effected, the excited atoms or molecules retain 
their increments of energy for a brief period and then revert to states of lower 
energy, emitting their extra energy as radiation. The duration of the excited states 
may be altered somewhat by varying the pressure of the gas or by adding an 
inert gas. 

The natural source of radiations, the sun, is discussed in Chapter 11, following 
a consideration of filters, since atmospheric filtration prevents sonic of its radia- 
tions from reaching the surface of the earth. The most important artificial sources 
of ultraviolet rays are the arc, spark and glow discharge. In the following para- 
graphs the chief points of distinction between these types of discharge will be 
described, after which other less widely used sources will be considered. 

The passage of a direct current discharge through gases at low pressures fre- 
quently gives rise to the glow discharge, the well-known phenomenon observed 
in a Geissler tube. In it, various parts of the tube assume characteristic appear- 
ances known as the cathode glow, the Crookes dark space, the negative glow, the 
Faraday dark space, the positive column and, when present, the anode glow. 

The arc is a discharge of electricity through a gas, w'hich may be at any pres- 
sure, under conditions such that one or both of the electrodes becomes heated 
and by vaporization contributes a stream of gaseous material which aids in the 
conduction of the current (direct or alternating) across the space. In these two 
forms of discharge — the glow and the arc — the impressed voltage is usually low, 
as compared with the very high voltages employed for the spark discharge. In 
the arc, the potential drop in the region of tlic catliode is usually very low, of the 
order of tens of volts, but in the glow, it is of the order of hundreds of volts. In 
practice, the spark usually involves the very brief oscillatory discharge of some 
form of condenser across an air-gap, with the production of light and heat. With 
suitable equipment, a series of very rapidly repeated discharges may occur with 
the production of a loud sound. 

Close to the cathode in a glow discharge in nitrogen at 0.5 mm. pressure ^ is a 
narrow dark space (Crookes dark space), followed by an intense negative glow 
region which decreases in intensity to the Faraday dark space, several times 
wider than the cathode dark space. This is followed by the bright positive column 
which begins sharply at a definite position and extends, u.sually with uniform 
intensity, toward the anode. Under certain conditions, the positive cohimn may 
be striated. There may also be an anode glow. The positions between the 

1 This discussion of the rIow discharge is based upon one by Dushman, S., Elect Eng., S3, 1204, 
(1934); see also Found, C. G., Trans. Ilium. Eng. Soc., 33, 161 (193$). 
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botmdaries of these various regions are determined by the cathode, since they arc 
changed if the cathode is moved within the discharge tube but are not affected by 
moving the anode. If the anode is made to approarft the cathode, the length of 
the positive column decreases. It is possible to eliminate the latter completely and 
have the anode located within the negative glow or in the cathode dark space. 

The potentials with respect to the cathode at various points may be determined 
by the use of exploring wires or electrodes introduced into the various regions, 
a method employed by Stark, Retschinsky and Shaposchnikolf ^ and placed upon a 
sound theoretical foundation by Langmuir and Mott-Smith,® The use of this 
“probe'' method has been of great value in advancing our knowledge of the mechan- 
isms occurring in gaseous discharges, as it is capable of yielding information as to 
the potential distribution, the densities of ions and the mean kinetic energies of 
the free electrons. 

Close to the cathode is a narrow region in which there is a steep potential 
gradient, the drop varying from 60 to 400 volts, depending on the nature of the 
gas and the cathode. Much of the entire discharge voltage drop occurs in this 
region. In the Faraday dark space there may be a slight positive or even a 
negative gradient. Throughout the positive column, the gradient is constant, so 
that the total voltage drop in the tu])e depends upon the length of the positive 
column as well as upon the cathode fall. In the glow discharge, there is little 
change in voltage at the anode. Compton and Morse ^ assume the large amount 
of energy consumed in the cathode fall to be used in accelerating positive ions 
toward the cathode. By bombarding the cathode, these liberate electrons; the 
liberated electrons while close to the cathode receive enough energy to enable 
them on striking atoms to produce more positive ions, and so continue the process. 
These authors calculate that an electron makes about ten such ionizing collisions 
in passing through the region of the cathode fall, and consider that most of the 
current at the surface of the cathode is carried by positive ions. 

The large drop of 300 or more volts in this region may be less'^ned by employ- 
ing some accessory method of inducing the cathode to emit electrons, such as 
heating it to produce thermionic emission or irradiating it with ultraviolet light 
to cause photoelectric emission. By such methods the cathode drop may be 
reduced to a value related to that of the ionization potential or of a resonance 
potential of the gas. 

The remaining space between the electrodes is called the plasma, a term also 
used in the case of arcs. Langmuir ® showed that the thickness of the cathode 
sheath is of the order of 0,01 mm. Electrons from the cathode are accelerated in 
this sheath and carry their energy into the plasma where most of the emission of 
light occurs. Electrons which have acquired the energy of the cathode drop F,. 
(electron-volts) are called primary electrons. Such a primary electron on striking 
a gas atom may lose to it by inelastic impact the energy required for ionization, Vj. 
It then has left the energy called a secondary electron. Its energy 

may still be sufficient to excite certain atoms, depending upon their resonance 

* Stark, J., Retschinsky, T., ami Sluposchnikoff, A., Ann, Phy^ik, 18, 213 (1905) 
sLangmuai, t , and Motl Siinth, If. jj , Uen Blcctm Pev , 27, 449, S3S, 616. 762, 810 (1924) 
For recent devtlopmenth of the theui v of the piute method, see iiavydov, B I., and Zmanovskaya, 
1. I., y. Tech Fhys (US S R ), 6, 1244 (1936); Enideuh, H. J and Brown, W L., FhiL Maff , 22, 
898 (1936); Pohn, V, and C<vo^c^over, S, Fhysik Z. Sotvjetnnxon, 13, 47 <1938); Chem. Ahs., 32, 4422 
(1938); Yankin, G M., J Tah Fhys. (U 8, 45 (1938), Chem. Abs., 32, 5692 (1938^ 

“•Compton, K. T, and Moise, F. M., Phys. Rev, 30, 305 (1^27). I cn recent observations on the 
cathode legion, sec Brewei, A. K,, and Westhaver, J . W , / Apt^hed Fhys., 8, 779 (1937); Giinther- 
schiilze, A., and Betz, H., Z Pbysik, 108, 780 (1938). 
a Langmuir, I, Phys. Rev., 33, 954 (1929). 
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potentials. When the electron after such collisions no longer has enough energy 
to excite atoms by impact, it is called an ultimate electron. 

Altliough in this discussion, it has been assumed that the cathode Is cold and 
need not contribute any metallic vapor to the glow, it is possible under certain 
conditions to have a glow discharge from a molten cathode. Although the glow 
form of discharge is most commonly produced in gases at low pressures, neverthe- 
less it may be produced under some conditions at atmospheric pressure if the 
current carried by the discharge is kept at only a few milliamperes. As the current 
is increased beyond a certain limiting value, usually about 0,1 amj)ere, the glow 
suddenly changes to an arc. In the arc discharge, the cathode current density is 
from a hundred to a thousand times that in the glow discharge, and the restricted 
spot from which the current issues may be very hot. It was for a time generally 
believed that high temperatures near, if not at, the cathode were essential for the 
maintenance of an arc.** 

It has, however, been shown that the nierciiry-vapor arc can be operated with 
the cathode maintained at —70'^ C. or lower, the voltage being not much higher 
than in normal operation of the arc,*^ Apparently exceptions to general rules are so 
frequent and the number of borderline cases so great that rigid definitions of the 
forms of gaseous discharge are scarcely attainable. The following were suggested 
by Thomson 

Glozv. A discharge between cold electrodes, the current being carrj<‘d entirely 
by gaseous ions and electrons. 

Arc. A discharge in which the current is canied by the nuitenal of the elec- 
trodes as well as by the gas between them. 

Spark. The initial unstable stage in any discharge between cold electrodes 
Spark and Arc Spectral Lines. Tlie spectra produced by an arc and by a spark 
between similar electrodes may differ widely in character. /\n understanding of the 
origin of this difference, which is fundamental both historically anrl tlicorclically 
in the origin of atomic spectra, is essential to the employinenl of these sources in 
spectrographic methods for detection of the elements. Lockyer, a pioneer in solar 
spectroscopy, discovered that the intensities of certain lines occurring in the arc 
spectra of many elements are enhanced in their sjiark spectra.*^ In some cases, lines 
occurring in the arc spectrum arc missing in the spark .spectrum : on the other 
hand, the spark spectrum may .show^ lines not present in the arc spectrum. Lockyer 
demonstrated the appearance of new or “enhanced^’ lines in the spectra of stars, 
particularly in the Novae, and believed that they indicated the existence of 
hitherto unknown elements capable of existing only at the enormous temperatures 
of the stars, or under the conditions of temperature found in the spark, it has 
since been shown that ‘fspark’’ lines can also he produced by the high temperature 
excitation of certain elements in a resistance furnace. 

The key to the nature of these assumed new elements w'as given in fiohr’s 
earliest paper on the theory of atomic structure. In 1897, Pickering had dis- 
covered in the spectrum of a certain .star, besides the Brdiner lines of hydrogen, 
a .series of new lines, each of which lay alxmt midway between two lines of the 
Balmer series. Their freiiuencics could be represented by the Balmcr formula if 
for 3, 4, etc. in the second term, there were substituted 3.5, 4.5, etc. As he believed 

® For djscmsion, see .Slepian, J. Frank Inst, 1926, 79; Phvjt. Rev, 27, 40 7 (1926) 

^ Kawa, J, Aeta l*hys. Folonica, 1, 427 (1932); Newman, F . Phil Maa,. 18, f)07 n914) 
®Thonison, J., Phil. Mag., 13, 824 (1932); see also Mckeown, S S., Phys Rev, 34, 6tl (1929) 
anil Kaiser, H., mid WaUraff, Z Fhysik, 112, 215 (1939) for tiansiiions Ijt'lwren tlie form‘. of dis 

f.,otekyer, .Sir Not man, Proc. Roy Soc , 30, 22 (1S79) 
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the new lines to be due to hydrof^en, Pickering* altered the Balmer formula to 
include them by making the Kydberg constant four times its usual value. The 
new lines were not, however, encountered in spectra excited in the laboratory 
until Fowler in 1912 observed them in the spectrum of a discharge tube containing 
both hydrogen and helium. Bohr realized that if a helium atom should lose an 
electron the resulting ion would resemble the hydrogen atom, except for the fact 
that its nucleus would bear two positive cliarges rather than one ble appreciated 
the necessity of incorporating the number of nuclear charges, f.e., the atomic 
number, in his equation for the calculation of the energy as^'Oeiated with the rota^ 
tion of an electron in an orbit, the expression which in his theory yields the 
Rydberg constant. As this expression involves the square of the nuclear charge, 
the result yields a constant four times as great when there are two nuclear charge.s 
as when there is but one. Tlie constant for the helium spectrum would, there- 
fore, be four times that for the hydrogen atom. This led Bohr to suggest that the 
Pickering lines are emitted by helium ions rather than by hydrogen, an explana- 
tion which met with much opposition until it was found that the lines could he 
observed in pure helium when suitably excited. 

It is more clihioult to excite helium to emit the IMckering lines than it is to 
cause this element to emit the ordinary lines observed in the glow discharge. In 
order to form the itm and induce it to emit energy, spark excitation is used. In 
general, spectra of the ions of elements are commonly called spark spectra, as 
distinguished from the arc spectra from the atoms of the same elements. These 
designations must not be taken too literally, since the so-called “spark’^ spectra of 
many elements may he produced by other means of excitation. Some lines of a 
spark series frequently appear in arc spectra, although they may be enhanced In 
intensity in the spark spectra of the same elements. 

It has been noted that the spark spectrum of helium resembles the arc spectrum 
of hydrogen, the preceding clement of the periodic table, the only difference being 
that the Rydberg formula must he altered to take account of the extra nuclear 
charge. Similar relations hold throughout the periodic system. The alkaline earth 
elements have two electrons in the outer ring, f^oss of one of these on ionization 
cau.ses the atom to res(‘ml)le that of the preceding alkali metal and to give a 
spectrum like it when the excess nuclear charge is taken into account. The multi- 
plicities of the ions of elements are closely related to those of the atoms of the 
preceding elements of the periodic table. 

It is also possible to r)l)serve under suitalilc conditions spectra from doubly 
charged ions, or atoms which have lost two electrons. In some instances, still 
higher degrees of ionization have been studied. To distinguish between these 
spectra, Roman numerals are employed after the symbol of the element. Thus, 
CT refers to the spectrum of the neutral carbon atom, Cli to that of the ion 
C ITT to that of the doubly charged ion and C IV to that of triply ionized 

carbon, These are spectra of various orders, C I being of the first order. 

A given element excited bv various methods produces different spectra, in each of 
which lines corresponding to one or another of these stages of ionization pre- 
dominate. The demarcations are not sharp and it is common to find faitit lines 
representing a higher degree of ionization superposed upon a spectrum of lines 
representing a lower stage of ionization. Antimony excited by a vacuum spark 
yields predominantly lines due to the doubly ionized atom Sb TIT. Tin in a Paschen 
hollow cathode in a discharge tube emits the lines of Sn TI.^^ 

10 Lang, R. J. Phyx Rev, 35, 44S (1030). 
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In the atmosphere of the sun most of the elements are in the atomic state and 
yield the arc spectra. Spark lines are, however, observed in the case of a few 
easily icmiaced elements such as calcium. In the spectra of some stars, lines are 
found indicative of the presence of sing*Iy, doubly or further ionized ions. The 
appearance of lines of this character serves as a scale by which such bodies may 
be classified according to their temperatures. In the interiors of some of the stars, 
the temperatures reach millions of degrees and completely stripped atoms — mere 
nuclei — are believed to exist 

Other Sources of Ultravioukt Rays of Lesser Importance 

Incandescent Solids. The Nernst glower is said to yield a faint spectrum even 
beyond 2500 A. Not for many years, however, has it been employed as a source 
of ultraviolet rays.^^ 

Since about 1920, the incandescent tungsten lamp, operated at an abnormally high 
filament temperature, has been employed occasionally as a source of continuous ultra- 
violet rays for absorption studies. Lamps intended for this purpose, and provided 
with special quartz bulbs or windows, were described by Gehlhoff,^^ Franck and 
Grotrian,^® and by Stockbarger.^^ Also, Stockbarger, Dingee and Burns have pre- 
sented spectrograms showing that automobile headlight bulbs operated at a filament 
temperature of 3400® K. (at which they last but a few hours), permit the detection 
of radiations less than 3000 A when the bulbs are of lead glass. With soda-lime 
glass bulbs, emission to 2900A could be detected, and measurements indicated 
that 0.046 per cent of the energy emitted through such bulbs lies below 3 170 A. As 
this was over three times the amount of radiation expected in this region from 
the laws of black-body radiation, they concluded that there is a selective ultra- 
violet emission. 

Luckiesh presented calculations of the percentages of the total emission 
which lie between 2800 and 3200A from tungsten filament lamps of various watt- 
ages at several temperatures. His results indicated that such lamps would not be 
very effective sources for supplying this band of radiations to children. For 
the same total energies a quartz mercury arc gives 175 times as great an output 
in this region as does a tungsten filament lamp. Later calculations by Forsythe 
and Christison were more favorable. By utilizing data of Hulburt on the 
percentages of the total emissivity at 3400, 3800 and at 4200 A at various temper- 
atures up to 2800®K. and em})loying certain considerations relating to the color 
temperature of tungsten, Forsythe and Christison (obtained a curve for the spectral 
emissivity of tungsten at 2800®K. from the infrared to 2700 By a step-by-step 
integration, they secured from this curve values for the relative amounts of energy 
in various portions of the spectrum. From these values (at several temperatures) 
and the total wattages of the lamps were calculated theoretical amounts of energy in 
these spectral regions falling upon a square centimeter of surface at a distance 
of one meter from the filament. The absence of any absor])ing bulb surrounding 
the filament was assumed. It was found that a SOO-watt tungsten lamp burning 

nCohlcntz, W. W., Bur. Standards Bull., 9, 103 (1913); Griffiths, H. D., Phil. Mag, 50, 263 
(1925). 

laGehlhoff, G, Z. tech. Physik, h 224 (1920). 

^8 Franck, J,, and Grotrian, W., Z. tech. Physik, 3, 195 (1922). 

Stockbarger, D. C., J. Opt. Soc. Am, 9, 337 (1924). 

Stockbarger, D. C., Dingee, A. L., and Burns, L., /. Opt. Soc. Am., 18, 53 (1929). 

'8 Luckiesh, M., /. Prank. Inst, 206, 60 (1928). 

Forsythe, W. E., and Christison, F., General Electric Rev., 32, 662 (1929), 

«»^Hulbiirt, E. O., Astrophys. J., 45, 149 (1917). 
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under conditions giving a life of 1000 hours would yield a total energy of 4 milli- 
watts per square centimeter, of which 0.0013 milliwatt was of wave-lengths shorter 
than 3250A and 0.00044 milliwatt was between 3100 and 2900 A. When the 
lamp was burned under 100-hour life conditions, the values were, respectively, 
4.00, 0.0017 and 0.00060. A 900-watt motion-picture lamp gave 9.2, 0.0076 and 
0.0028 milliwatts. These values compared favorably with the energy of the sun- 
light passing through an air-mass of 2.37 atmospheres, which gave 0.010 milliwatt 
of energy shorter than 3250A and only 0.00017 between 3100 and 2900A. The 
total energy of the sunlight was, however, far greater, 33.9 milliwatts.^® 

Borstler proposed the therapeutic use, by means of a quartz applicator, of 
ultraviolet radiations from a 6- or 8- volt tungsten automobile headlight in a Pyrex 
bulb, operated at voltages 10 per cent above normal. 

Flames. As sources of ultraviolet radiations, flames are of little value. They 
are employed occasionally in conjunction with sparks in certain methods of 
quantitative analysis by spectrographic methods. In the early work in the visible 
region, flames were used as a ready means of vaporizing salts and exciting the 
metallic portions thereof, particularly the alkalies, which readily give characteristic 
Iines.2^ To make the method available for the detection of elements more difficult 
to excite, higher temperatures are necessary. Early students of line spectra 
secured these by directing an oxyhydrogen blowpipe upon the solid to be exam- 
ined. Still higher temperatures may be attained with the aid of the oxyacetylene 
flarne.2'* The spectrum produced in the flame itself is sometimes a complicating 
factor. It is a band spectrum emitted by the molecules of water vapor produced 
during combustion. The lines of these bands are weak at wave-lengths greater 
than 3200A and interfere hut little with analyses based upon lines situated at longer 
wave-lengths. 

Before the development of the mercury arc or the appreciation of the value 
of other simpler arcs, flames were occasionally employed as sources in the Study 
of reactions produced by ultraviolet rays. Wulf employed a flame of carbon disulfide 
and oxygen for such purposes.^^ 

Bombardment by a- rays or cathode -rays has been used in investigations 
in the region of wave-lengths longer than those of the usual x-rays. 

Among the less important electrical sources of ultraviolet radiation is the 
exploded wire method of Anderson although it has occasionally been of service 
in the study of the absorption spectra of vapors. In this method, a fine wire (less 
than v36-gauge), 5 cm, in length, of nickel, iron, manganese or copper, is fused 
or exploded by discharging through it a heavy current by means of a large con- 
denser charged by a 500- watt, 26,000- volt transformer, suitably rectified. In series 
with the wire is an adjustable spark-gap. In air, the method yields a nearly con- 
tinuous spectrum, with many dark lines, due to absorption by the hot metal vapor. 

For other data on the emission of tungsten filaments, see von Alphen, H, C., Ann, Physik, 85, 
1058 (1928) and Hoffmann, F., and Willenberg, H., Physxk, Z,, 35, 713 (1934) 

Borstler, E. W.. U. S. P. 1.800,277, April 14, 1931. 

For a general discu‘^sion, see Lohse, H. W., Can. J. Research^ 12, 519 (1935), and Lundegird, H , 
Lantbruks-Hogskol Ann, 3, 49 (1936). 

2a r.KX'kyer, Sij N., and Austen, R., Proc Roy. Soc., 23, 3 44 (187 5); Liveing, G. T)., and Dewar, J., 
*6tU. 28, 352 (1879), Hartley. W. N., Phil. Tram., 185A, 161, 1047 (1894). 

aaHenisalech, (i. A., and do Watleville, C, Compt, fend., 149, 1112, 1369 (1909); de Giamont, A., 
ibid., 157, 477 (1918); 176, 1104 < 1923). 

T., Ann. Physik, 9, 946 (1902). 

ar-Gietnachei, H., Z. Physth, 47, 344 (1928). 

w'Cohn. W. M., Z. Phvsik, 70, 662, 667, 679 (1931). 

^ Anderson, J. A., A ^trophy s. J , 51, 37 (1920). 
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In place of wires, asbestos fibers may be used upon which solutions of the various 
alkaline-earth chlorides to be analyzed have been evaporated.^® 

A very brilliant light (up to 14,000,000 candles) of extremely short duration 
(less than 5 millionths of a second) is said to he produced by the explosion in 
argon of 0.4 cc, of a liquid explosive, such as tetranitromethane. Its spectrum 
extends far into the ultraviolet.^® 

Electrodeless Discharge. The high-frequency electrodcless discharge has been 
but rarely employed for carrying out photochemical reactions. Since its discovery 
by Hittorf in 1884, there has been much discussion as to whether the phenomenon 
is to be ascribed to an electrostatic or an electromagnetic field,*^® 

Apparently either can excite a gas or vapor at low pressure to emit a brilliant 
diffuse discharge. In these methods, the oscillatory discharge from a condenser 
goes through a coil of wire surrounding but not touching the reaction vessel. 
At higher gas pressures, the discharge alters in character and assumes a ring form, 
the lines changing from a mixture of arc and spark lines to a spectrum in which 
spark lines predominate. Harkins used a coil of six turns of copper wire around 
a quartz or “Pyrex” flask with a side-tube arranged for the collection of the products 
formed during the passage of the discharge through various organic gases. A 
window was arranged for spectrograph ic observations of the products transiently 
produced. The frequency of the circuit was 800 kilocycles per second. The circuit 
included a 1 k.v.a. Thordardsen transformer which supplied a maximum of 25 kilo- 
volts, a spark gap of cylindrical zinc electrodes adjustable by a screw, and a 0.025 
microfarad condenser. In the discharge, both benzene and acetylene w<*re f(nnid tf) 
be dissociated, giving spectrographic evidence of tlie presence of H. C, O, and 
CH. Polymerization led to compounds of very high molecular weights \Nhicli 
appeared as solid, reddish brown flakes. At a jiressure of 0.02 mm., 5000 liteis of 
benzene vapor were passed into the flask without changing the character of the 
discharge ; from one to two grams of solid products were formed per hour. 

Another type of apparatus is that in which rare gases, especially krypton and 
xenon, in a vessel at low pressure are subjected to an electric current or electro- 
magnetic field of high intensity by a high frequency coil. It has a (juartz. wundow 
for ultraviolet irradiation processes so disposed as to be practically outside the 
high-frequency field. The rare gases emit a gamut of rays from the visible to the 
very short ultraviolet of value in therapy. The surrounding solenoid is placed far 
enough from the window so that tlie latter does not become very hot, permitting 
the application of the source very close to the part of the body to be irradiated. 
This lessens the loss of short ultraviolet rays by absorption by the air. The ends 
of the solenoid wire arc joined to a high-frequency apparatus, such as a spark-gap 
diathermy apparatus. In the discharge in neon, the current density is important, 
as neon at high current densities emits intensely between 3350 and 3700A.'^''^ At 
current densities greater than three amperes per square centimeter, the source 
emits a spark spectrum, high frequency not being required. 

Sawyer, R. A., and Becker, A. L, Astrophvs J., 57, 98 (1923) 

M ichel-Levy. A,, and Manrarour, II, Cumpt. rend, 200, S43 (1935) 

Stub! man, O., Jr., and Whitaker, M. 1), Rev Set, Instrumenii, 1, 772 (1930); Rayleigh, Loid, 
Pror, R(>y Soi , 150A, 34 (1935) For the coribtniction <jf light s<mices of this sort in the laljotatory, 
see Wmans, J. G, Rev Set. In^struments, 9, 203 (1938) 

Harkins, W I)., 7'tans. Pafuday Soe , 30, 221 (1934) 

'^Ftench P 743,167, Match 25, 1931, to ^oc anon pout les Atiplu atiojvs dcs G.i?- Rates a la 
lumii^re, piocede** George Claudf; British P 38.5,835, Jan. 5. 193.1; Brit C hem Abs B, 197, 

Ckem* Abs , 27, 3671 (193.3). Goude-Axelo^, .T., and ('laudc, A, Compt. rend., 194, 132 (19.32). 

Soc. anon, pout les AppUcattous des Gaz Kates et.ihlissenients Cluude-l'az an<l Silva, Bntish P 
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The sparking potential in electrodeless clischarg^e tubes diminishes when the 
tube is illuminated by ultraviolet or visible light 

Radiations produced in metal vapors by the passage of radiations from another 
source or those furnished by active nitrogen or hydrogen, although theoretically 
important, do not at present constitute practical sources of ultraviolet radiations. 


Zouckermann, K., Compt rend, 206, 331 (1938>. 



Chapter 4 

The Spark as a Source of Ultraviolet 

The electric spark is rather infrequently used as a source of ultraviolet radia- 
tions for effecting photochemical reactions, although it has been employed in some 
of the more important investigations. 1 he electric spark finds its chief application 
as a source of a many-lined spectrum suitable for studying absorption spectra of 
compounds possessing broad absorption bands. (See also Chapter 9.) It is also 
widely employed as a means of exciting to emission materials to be analyzed 
by spectrographic methods. Sparks passed in vacuum have yielded information 
of importance in the region of the extreme ultraviolet. The high tension dis- 
ruptive electric spark between iron terminals is very rich in ultraviolet radiation 
and is useful in producing fluorescent effects, particularly in mineral and drug 
analyses, it is, however, seldom used for this purpose. 



Figure 5. 

Diagram of Connection, Iron 
Spark Apparatus 


(Courtesy Cenetal PJectric Co ) 


Iron electrodes were used in a spark outfit designed by Andrews.^ The con- 
nections of the apparatus are shown in Figure 5. A small transformer steps up a 
60-cycle, 110-120 volt, alternating current to about 4000 volts. A condenser is con- 
nected in series with the iron terminals. The spark gap is adjustable Assembled 
apparatus is shown in Figures 6 and 7. As this apparatus uses only about 250 to 
300 watts, it can be safely connected to any alternating current lighting circuit. 

Ross ^ recommended the use of aluminum terminals, which yielded an intensity 
of ultraviolet radiation (measured by the liberation of iodine from potassium 
iodide) twice as great as that resulting when terminals of any other common 

^Andrews, W. S., General Elcrtric JRev., April, 1916, 319. 
ifRoss, W. H., J. Am, Chem. So(,, 18, 786 (1906), 
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metals were used* Cadmium was not recommended because of its softness. The 
terminals were 3 mm. X B mm. in cross-section and were placed 7 cm. apart on 
iron plates. Small dishes, containing ice and resting on the metal, served to con- 
duct away the heat rapidly. 


Figure 6. 

Hear View of “Iron Spark” 
Apparatus. 


(Courtesy General Electric Co,) 

Electrical Circuits Employed for the Production of Sparks 

When a small potential difference is impressed upon two parallel electrodes 
separated by an air space, a very small current will be carried across the gap by 
the few ions present in the air as a re.sult of cosn}ic rays, radioactivity, etc. As 
the potential difference is increased, the current increases in accordance with 
Ohm’s law but only so long as the potential difference remains small. With 
further increases, the current increases less and less rapidly and fi‘ially becomes 
constant (saturation value) over a wide range of impressed potential differences. 



Figure 7. 

Front View, lV)rtab1e “Iron 
Spark” Apparatus. 


(Courtesy General Electric Co.) 



This occurs because the electrons in a dense gas collide with gas molecules before 
the electrons can acquire sufficient kinetic energy (from the potential field) to 
ionize the gas. Thus no new carriers of current are produced. 

When the potential difference has been raised to several thousands of volts, 
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ionization by electron impact occurs suddenly and the current rapidly attains high 
values* There is a brilliant flash, a spark passes across the gap with the produc- 
tion of a high temperature and the potential difference is temporarily obliterated. 

The spark is veiy brief in duration. What happens following it depends on the 
nature of the external circuit. Under suitable conditions, the air becomes ionized, 
the resistance drops, and some form of self-maintained discharge ensues. This 
may take the form of an arc if the heal of the spark has brought the electrodes 
to a sufficient temperature. To produce sparks across small gaps, gradients of 
about 30,000 volts per centimeter are required.^ The earliest workers to study 
spark spectra ^ irsed an induction coil to produce the necessary high potentials. 
By photographic methods, with rapidly moving films, Schuster and Henisalech ^ 
showed that the emission of metal lines was due to an oscillating discharge, and 
that, following a single discharge through the air, which vaporizes the electrode 
material, the lines form near the electrodes and then cross the gap at rates of 400 
to 1300 meters per second. The particles composing the streamers were found 
to be electrically charged.^’ 

Studies with rotating mirrors have shown tliat a break in the primary circuit 
of the induction coil causes a series of secondary discharges, the first of these 
secondary discharges being bright and the others faint. The first is a true spark, 
since it may be shown (by the oscillograpli) to follow npon a very higli potential 
difference between the terminals of the secondary winding Such a rlischarge, 
repeated at each interruption of the primary current, emits a spectrum which is 
characteristic of the gas through which it pas^^es, and exhibits but a few faint 
lines from the metal of the electrodes. Early spectroscopists spoke of this spark 
as ‘‘uncondensed,’^ a term now known to he incorrect, since all sparks arc assO“ 
ciated with a condenser discharge. In this case the condenser was the air-gap 
itself together with the capacity of the secondary winding. Tn all sparks, the 
discharge is oscillatory because of the inertia <*ffect of self-induction in the winding 
Most workers, however, employed a condenser (in parallel with the spark gap) 
charged by the induction coil to the necessary sparkini’ potential. (Figure 5.) 

The induction coil may he rcfdaced by a small liigh tension alternating current 
transformer, thus eliminating difficnlties arising in the operation of contact- 
breakers. As in the case of the induction coil, the capacity of the condenser 
determines the quantity of electricity which passes in each spark and the intensity 
of the spark. Only when the condenser capacity is sufficient is the discharge 
strong enough to vajiorize the electrode material into the discharge, there to emit 
its characteristic lines. With condensers of high capacities, the intensity is suffi- 
cient to ionize the atoms of the electrode metal and produce the spark spectrum 
of the latter. The sizes of transformer and condenser must be so chosen that the 
sparking potential may be obtained or exceeded. Details of transformer and con- 
denser requirements are found in a paper by Anderson and in the publications 
of the makers of spectrograph ic equipment. 

* For fuitber detailed discus«;ion‘i of spatk tbcoiv. see Lwh, L. B, Rev Modern Phys , 8, 267 
(1936); Ropaski, W, Z. Phvsik, 100, 1 (1936'). IStaiii, M, Ancfctv. Chem , 44, 39'> (19.tl); Dariow, 
IC. K., “Electrical Phenomena in (Jnses," Balliniot*'. Williams and Wilkins, 19t2 

* Hartley, W N., Phtl I'Tonv Rov Soc , 1, sO (1884): FT, .327; Pollnk, T. H , and I.eonard, A. G,, 
Pror Roy Vec, Dubhn, 11, No 16. 17, 18 (1907); No 23, 24 (1908). No 31 (1909) 

® Schuster, A,, and Henisalech, ) G., Phil Trans,, 193A, 189 (1900). 

« Milner, S. R. Phil. Trans'., 209, 71,1908. see also Rnyds, T., Ibid,, 208, 333 (1908); Phil 
Mao, 19, 28*5 (19)0) IbtMr velontw's luive hc<‘n measured recently. Miyanishi, M, .Japan. J Phvs., 
5, 67 (1928); Chem. Ahs , 23, 4 404 (1929). Asami, Y, Flee Eng. Japan, S3, 27 (1933); Chem. Abs , 
27, 2630 (1933), Torivama. Y, and Shmohara, U., EUn Eng Japan, 53, 100 (1933); Chem Ahs., 
(1931). 

Antimon, J A , Astrophyf. 7., 59, 76 (1924). 
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A high capacity condenser causes slower oscillations in the discharge, thereby 
increasing the amount of electricity secured in each oscillation. This prolongs the 
train of sparks and produces a heating effect on the electrodes, de Kowalsky ^ 
showed that the region of niaxiniuin radiated energy is displaced toward the longer 
wave-lengths as the oscillatory current is increased. Increasing the amount of 
tncrgy consumed in the spark, however, causes displacement in the opposite direc- 
tion, although this is to some extent dependent upon the nature of the electrodes. 
I'he intensity of the mean ultraviolet radiation emitted varies inversely with the 
frequency. 

The oscillations may also be made slower by introducing additional self- 
inductance, the rate of oscillation varying inversely as tlie square root of both the 
capacity and sclf-inductance of the circuit. A sell -inductance coil, called fre- 
quently a liemsalech coil,^ has the property of making the “air-lines” disappear, 
the spectrum lieing then largely from the electrodes. The self-inductance coil is 
introduced in series with the gap at A in Figur(‘ 8. 


self-i!i4ucUoa coil 



Figukl 8 Diagiain of Spatk Circtiit, (I'wyniaii and Smith, “Wavedength 
Tables for Speciruni Analysis” Tondon, Adam Hilger Ltd.). 

The form of the discharge depends upon the amount of self-inductance employed 
since the latter decreases the rale ot oscillations, and <ilso lessens the current which 
passes in the first discharge, sjneading tla* current more evenly over a series of 
oscillciticms. Without any self iiKluclion, the oscillations are strongly damped by 
the resistance of the gaj), so tliat most of the energy passes in the first spark. 
Witli self-induction, less current passes during the first spark and the oscillations 
continue for a longer time. 

In the first case (no self-induction), tlie first strong spark is believed to excite 
tlie gas and to send some \ai>ori7ed metal from the electrodes. The discharge then 
dies away rapidly and the metal vapor cools .Subseejuent oscillations are too weak 
to vaporize more metal. With but little metal vapor in the gap, the resistance and 
potential are high and the electrons ac<juire sufficient kinetic energy to excite the 
gas. With self-inductaiue llie fust .spark is not strong enough to ex<*itc the gas 
and its lines arc not evident. d1ic cumulative effect of the subseijuent discharges 
i^, liowcwcr, sufficient to heat and \aporize the metal. The introduction of this 


cle Kiiwalikv, I , ( ompt. mid , 158, 1 H/ (PM4). null Srv 
'Mlenis.ik><'h, F A. i omM rend., 122, JSS SoIieiU'k, 

Phil Trans., 193A, 189 (1900). 
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heated metal vapor into the gap lowers the resistance and the potential and the 
electrons fail to acquire sufficient energy to excite the gas. As the metal becomes 
ionized when the spark carries enough current, all of the arc lines are present. 
ITie prolongation of the oscillations under these conditions led deGramont to 
speak of such sparks as oscillating sparks as distinguished from the condition which 
he called the ^'condensed'' spark. This is misleading for both are oscillatory and 
condensed in fact.^® 

The effects of variations in capacity and self-inductance are particularly impor- 
tant when the spark is employed as a source for the spectrographic analysis of 
metals. Since spectrographic analysis involves technique which requires consider- 
able experience and since this subject does not fall within the province of this 
book, further details must be sought in manuals devoted to spectrographic essays. 
For spectrographic analysis, Scheibe and Neuhausser recommended 0.0033 mfd. 
capacity and 0.000015 henry of self-induction. Resonance transformers and high 
frequency transformers have been recommended.^*^ 

**Hot Sparks.” By employing large induction coils together with condensers of 
high capacity, it is possible to obtain spectra representative of high degrees of 
ionization. So-called ^iiot sparks” with very narrow gaps were employed by 
Millikan in his work on the short wave-length spectra of stripped atoms. As 
the sparking was done in a vacuum, air-lines were not a disttirbing feature, so 
that low self-inductance could be used. The intensity was controlled by an adjust- 
able auxiliary spark-gap in series with the spark to be studied. The operation of 
these sparks has been described by Sawyer.^® Robinson estimates that tempera- 
tures of 300,000° K. can be attained by such methods. Edlen'*'^ in studying the 
C V spectrum at wave-lengths as short as 40.28 A, employed a vacuum spark with 
a capacity of 0,3 ftF, charged to 60,000 volts. With thirty sparks passing per 
minute, and a metal grating employed at a glancing angle of 5.4°, he found lialf 
an hour sufficient for an exposure. 

The Arrangement of the Electrodes of Spark Sources 

In studying the emission spectra of metals or alloys, it is necessary to support 
two blunt-pointed rods or heavy wires of the material so that a gap is formed. 
Adjustable supports for the rods are desirable. The spectra of minerals can be 
obtained by attaching them to rods by spring clips.^® 

Boas passes a high speed current of air past the spark in order to destroy 
the aureole surrounding it. He also describes an electrostatic relay to maintain 
a constant distance between the electrodes. The latter erode rapidly if thin. On 

See also Negresco, T., Chim. Phys,, 25, 308 (1928). 

Scheibe, G., and Neuhausser, A., Angetv, Chem , 1218 (1928), see also Meggers, W F,, Kiess, 
C'. C., and Stimson, F. J., Bureau of Standards Set Paper No. 444, 1922; Swcitzer, E.. Z anorg. 
allffem, Chem., 164. 127 (1927); Kosbahn, T., Ann. Physik, 25, 625 (1936); Gibbs, R. C., Vieweg, A, 

and Gaertlein, C W,, Phys. Rev., 34, 406 (1929); Langstroih, G O., and McRae, D. R., Canadian J. 

Research, 16A, 17, 61 (1938). 

i^Boas, H., Z. Physik, 60, 690 (1930). 

^Hull, F. A., and Steele, G. J., Proc. Am. Soc. Testing Materials, 27, II (1927); Gcrlach, W, 

and Schweitzer, E., Z. anorg. allgem. Chem., 195, 255 (1931); Potopenko, G., Ibtd., 215, 44 (1933); 
Goroncy and Urban, Ibid, 211, 28 (1933); Feussner, O., Z. Metalkunde, 25, 73 (1933). 

w Millikan, R. A., Astrophys. J., 52, 47 (1921); 53, 150 (1921); Phys. Rev., 12, 168 (1918); 
Science, 19, 138 (1919). 

^Sawyer, R. A, Astrophys. J., 52, 286 (1920); Sawyci, R. A., and Smith, F. R, J. Opt. Sor 
Am., 14, 287 (1927) 

Robinson, 11, A,, Z. Physik, 100, 6^6 (1916), 

•’^Edlcn, B., Nature, 127, 40 5 (1931). 

^•leracus, W. C, G.m.b.H , Butihh P. 400,607, Oct 18, 1933. 

^3oas, H., Z. Physik, 60, 690 (1930). 
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the other hand the spark may movo from place to place on a thick electrode* 
Gring and Clark described a stand capable of holding four pairs of electrodes, 
any pair of which can be quickly brought into position for exposure. 

Arrangement of Electrodes* Spark sources have been employed in measuring 
the extent of some photochemical reactions. In such cases, uniformity over a pro- 
longed time is necessary. Forbes and Brackett secure this by striking the spark 
between adjacent edges of two square bars of metal (see Figure 9). The latter 



Figure 9. Spark Source for Automatically Constant Illumination (Forbes and 
Brackett, Journal American Chemical Society), 

move in horizontal planes at right angles to each other. Conduction and radiation 
of heat are so rapid that erosion is at a minimum. The method avoids hand 
control required by previous workers with sparks and monochromators.^^ In the 
apparatus, flexible woven metallic bands connect two 400 X 25 X 25 mm. bars to a 
condenser. The bars rest in rectangular troughs perpendicular at right angles. 
Posts P are insulated from the base board by vulcanite blocks. The upper trough 
is cut away at G to expose the lower edge of the upper bar. The ends of the 
troughs are raised or lowered by turning the milled heads until the bars are 
horizontal, and their separation along the common diagonal is 2 mm. The shortest 
path for the spark lies along this one line. Blasts of air provided by two vacuum 
cleaners in tandem converge from the jets J upon the gap at G to blow back the 
corona. A ventilated housing conducts away oxide fumes. Threaded rods R, 
ending in insulating links I, pass through sleeves rotated by worm gears W, 
retracting the bars. The optimum speed varies with the energy of the spark and 
the volatility of the metal Zinc bars, operated at 250 mm. per hour, give 1)4 hours 
net service for each of the four pairs of edges. When a pair of edges has been 
used up, the current is interrupted, the oxide crusts detached, the threaded rods 

Gring, J. L., and Clark, G. L., Rev. Sci. Instruments, 7, 305 (1936). 

Forbes, G. S., and Brackett, F. P., Jr., /. Am. Chem. Soc., 53, 3973 (1931). 

Warburg, E., Siteb. Preuss. Akad, IVist., 746 (1911); Beckman, A, O., and Dickinson, B, G., 
/. Am. Chem. Sac., 52, 124 (1930). 
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returned to their original positif>ns» and operation is started with a fresh j)air of 
edges. The depth of erosion on tlie upper edge is constant at 1.2 T)im. for r.inc 
and 0.5 ntni. for alunhmim. On the lower edge, it ai)Otit two-thirds as much. 
A 5 kv. oil transformer is operated at 110 volts and 35 amperes under control of a 
voltage regulator. The gap voltage is 6500 ^ 500. secured by em]>loying a heavy 
duty mica condenser of 0 04 microfarad capacit>. 

With the monochromator employed, it was possible to secure approximately 
monochromatic radiations in the case of zinc of 30,000 ergs per second at 2530A, 
and of 16,000 at 2080A. With cadmium, the intensities attained at the slit were 
34,000 ergs per second at 2170, 79,000 at 2260, 22,000 at 2570 and 27,000 at 2710 A. 
The intensities attainable with aluminum electrodes were lower. Foibcs regarded 
the spark as an almost indispensable source of radiations ol wave-lengths shorter 
than 2500A. He noted that the zinc spark employed by W'.irburg in his early 
work gave at 2540A a thousand-fold the intensity of a mercury vapor lamp. 

Lifschitz obtained intense light and high temperatures by sparking between 
the w^hole length of a pair of eloctnxies. Ogg, i.eighton and Uergstrom describe 
a spark gap (Figure 10) in which the sjiark passed between the tapered edges of 
two rotating disks of cohalt or cadmium. A, A' mounted on liollow shafts, B,B', 
through which cooling water w^as circulated To provide insulation, the cooling 
water circuit w*as broken by sprinklers. The frames holding the shafts were movable, 
so that the gap length, usually about 1 cm., could be adjusted by the screws I.F. 



Figure 10. 

Spark Gap with Rotating 
Water-cooled Electrod(‘s (Ogg. 
Leighton and Bergstrom, ./ez/;- 
nal American Chcmual Soii- 
efy ) . 


The shafts were bell-dri\en in opposite directions at several hundred r.ji.m, by a 
yi h.p. motor. Electrical contact wms made through heavy carbon bru.sbes L,L', 
connected to the terminals of a 0.010 mfd. oil-immersed condenser across the 
secondary of a 5 kw. x-ray transformer. By this means one to tw^o discharges per 
half cycle were obtained across the gap. A hose (attached to a vacuum line) 

«» Forbes, G. S., J. Phys Chem , 32, 48S (1928), 

WarburK, E., Siisb. Preuss Akad. IVisi , 74o (1911). 216 (1912), ,114 (1916) 

‘■“Lifschitz, S., German P. .'524,877, March 26, 1926, Cii(m Abs., 25, 4189 (1931) 

R. A , Jr , Leighton, P. A., and Bergstrom, F, W, ,/ Am. Chem. So( 55, 1754 (1933). 
Seft ^ilso van der Lmgen, J. S., .5 Afruan 2. .Sc*., 33, 197 (1937) 
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niounted dose behind the spark drew off objectionable fumes. The gap was readily 
demountable for cleaning and oiling of the bearing and interchange of electrode 
clisks.^’^ 


Photochemical Reactions in GavSes Surrounding Sparks 

Jolibois, Lefebvre and Montague stale, from observations on the change in 
pressure, that carbon dioxide at pressures between 0.3 and 20 mm. of mercury when 
.subjected to a spark discharge, is decomposed into car]>on monoxide and oxygen, 
A limiting dissociation of 90 per cent is attained. About 20 per cent of the energy 
of the first spark is convertctl into chemical energy; the remainder is dissipated. 
The decomposition increases with the voltage and is influenced by the ;>ize and 
shape of the containing vessel and the position of the electrodes. The yield rises 
to a maximum and falls as the capacity of the circuit decreases, and for a given 
capacity the maximum yield falls off slightly as the pressure increases. 

Methane, under a pressure of 1 to 11 mm., \\as transtormed into ethylene and 
hydrogen under a spark discharge. Apparently little industrial use has been 
made of the radiations from a spark gap, although its use as a means of generating 
a bleaching gas for flour and cornmeal has been patented.'^'^ 

For other spark appaiati, sec Henri, V., ( ompt. rend, 157, 126 (19 1 3); Kuhn, W., Ibid,, 178, 
708 (1924). 

^ Jolihois, P, Lefel)vre. IL, and Moiitajine, P., (. ompt tend, 182, 1026 (1926), 184, .*>22 (1927). 
divcussioii'' aie line to l.tfehvic, H, Chinne et Industrie, Special Niimhei, June, 427, 1933, 
and to Johhons, P, Bei , 71A, 71 (J9>H) 

-''•Montague, J’ . Compt. lend, 194, 1490 ( 1932) 

s'l Stuff, F., Hetman P. 510,419. Dec. 23. 1927, L lum elbs , 25, IDttS (1911). Heiman P. 518,201. 
June 28, 1929, i hnn. Abs , 25, 2377 (1931), (ieininn P 521,360, Dec. 25, 1929; Chem Abs., 25, 2651 
(1931), Braltcndct, C. W., Mehlprohlemc, 1, 6 (1932) 



Chapter 5 
The Open Arc 

Arcs may be produced between electrodes that are open to the air or enclosed 
in a vessel of glass or quartz. In the case of the enclosed arcs, the pressure may 
be very low or it may be atmospheric or greater. 

In most arcs, the use of very high starting potentials is obviated by bringing 
the electrodes into contact (closed circuit) and then drawing them apart. The 
resistance offered to the passage of the current heats the electrodes to a temperature 
such that, when drawn apart, they produce vapors of the electrode material. The 
latter carry a bright discharge across the intervening space. The arc discliarge. 
which may carry many amperes, is very hot and the electrodes become brightly 
luminous. 

The mechanical features of the arc vary with the use for which it is intended, 
as commercial illumination, spectrographic analysis, as an ultraviolet source for 
conducting photochemical reactions or for fluorescence studies. An arc which will 
emit ultraviolet energy strongly may be prepared by employing an iron rod and a 
carbon rod for the two poles. Also, two iron lods may be used. These poles are 
cooled by means of heavy brass or copper sleeves, which may be moved along the 
iron rods as the latter are consumed. Thus, the upper pole (negative) may he an 
iron rod about one-quarter inch in diameter. This rod is surrounded by a movable 
but well-fitted sleeve of copper about one inch in diameter with hollowed end. 
One pole should be adjusted vertically. In preparing the arc, a bead of molten 
metal is developed in the dished end of the lower electrode. The upper electrode 
is well cooled and the arc is maintained very steadily between the bead of molten 
iron and the upper solid electrode. Luckiesh has had such an arc operate at a 
rather high current density for thirty minutes without any adjustment. 

Electrical Characteristics 

Metallic arcs in general will not burn on alternating current. The carbon (but 
not the graphite) arc will, however, burn on alternating currents at potentials as 
low as ^ volts. On direct current, the carbon arc bums with voltages as low 
as 37. Iron and copper arcs require higher voltages, 80 and 90 at least. Arcs 
between electrodes of materials with good thermal conductivity tend to extinguish 
readily. 

A number of observers have developed empirical equations for the relation 
between the length of the arc and the voltage, or between the energy, current, 
voltage and arc length.^ The Ayrton equation for the carbon arc, V = A -h B fl, 
has been made more accurate and more general by Nottingham by raising the 
current / to a power n. A and B are constants depending upon the arc length 

^Ayrton, Mrs. H., “The Electric Arc," Chapter IV, New York, van N<»strand, JI902; Malcolm, 
H. W., and Simon, H. T., Phystk Z., 8, 471 (1907); .Steinmetz, C. P,, Trans Am Inst Elec. Em;, 
802 (1906); Bramhall, E. H, Pkil. Mag., 13, 682 (1932); Nottingham, W. B., Am Inst. Elec. Eng., 
43^ 12 (1923); Phys. Rev., 28, 764 (1926); Anderson, S. H„ and Krelchmar, G A, Pkys. Rev., 26, 
33 (1925); Doan, G, F., and Myer, J. L., Elec. Eng., Sept., 1932; Sommer, J. J., and Bott, T., 
PkyMk. Z., 34, 324 (1933), Kotecki, A., Ada Phys. Polon , 4, 113 (1935). 
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and pressure. The equation applies if the anode is very hot. The power n is a 
constant dependent upon the boiling or sublimation point of the metal of the anode. 
It is 0*67 for copper, 1.38 for tungsten, and approximately 1 for carbon, the latter 
accounting for the success of the Ayrton equation. The dependence of this con- 
stant upon the nature of the anode led Myer - to suggest that the anode may have 
a more important role in the arc mechanism than most theories of the arc dis- 
charge would imply. Alleiiliuni and Ewest*"^ believe that the anode exerts an 
important effect over the entire discharge, for by preheating the anode, the 
striking and operating voltage of the arc can be greatly reduced. Hagenbach and 
Langbein * stated that in normal arcs, the anode is boiling during discharge. The 
form of the equation also shows that an increase in the current is accompanied 
by a drop in the potential, showing that Ohm's law does not apply to conduction 
in the arc. 

With heavy currents, above ten amperes, the voltage approaches the limiting 
value A, The pressure of the gas is also a factor. The required potential increases 
continuously with the pressure; the values at ten atmospheres may be 15 to 20 
volts greater than at one atmosphere.*'^ 

The theory of the mechanism of the arc discharge has lagged somewhat behind 
practice. The development of the quartz mercury-vapor arc was based to a large 
extent upon empirical observations and trial and error methods. The theory 
of the open arc is still the subject of many controversial statements.® The develop- 
ment of arc theory may be approached through a consideration of the phenomena 
of glow discharge at low pressures, which has been summarized by Dushman,*^ 
Langmuir,® and by Pi rani.® 

The various easily recognizable regions of the glow discharge are also found in 
arcs through gases at low pressures but are masked in the high-pressure or open arc. 
The theories of the latter are, however, based upon the application of principles 
derived from the study of the glow discharge. The fundamental processes of the 
emission of electrons from hot cathodes, the liberation of electrons by thermal 
ionization of atoms and molecules of gases, the acceleration of electrons in potential 
fields and the results of impact of electrons with atoms and molecules leading to 
excitation and the emission of radiations, all are encountered in high-pressure or 
open arcs as they arc in the glow discharge. Complications in study of open arcs 
arise from such effects as the high temperature glow of the electrodes, vaporization 
and sputtering of the electrodes and combustion in the flame of the arc. 

Thermionic emission of electrons from the cathode, heated by positive ion bom- 
bardment, has been believed arlecjuatc to account for the current densities in the 
tungsten arc or carbon arc.^® Although the temperatures of the copper, iron and 

J. L., Tmwj. Am, lust Eire. Eng., 52, 250 (1933). 

® Alterthiim, H., and Ewest, 11, Z. tech. Physik, 9, 221 (1928). 

^Hagenbach, A., and Langbem. K, Arch. Sci., 1, 48 (1919). 

^ Sec also Anderson, S H., Phys, Rct , 29, 750 (1927). 

® Foi- a detailed earlier account, sec Compton, K. T., /. Am. Inst. Elec, Eng , 46, 868, 1192 (1927) 

'^Dushman, S, Elcc. Eng., 53, 1204, 1283 (1934). 

* Langmuir, J., Gen. Electric Rev, 38, 514 (1935). 

• Pirani, M., Z. angcuu Chem., 44, 395 (1931); Lex, E, Pirani, M., and Romne, R,, Naturwiss., 
23, 3 93 (1935) See also for greater details, Langmuir, I., and Compton, K. T., Rev. Mod. Physics, 
3, 191 (1931); Found, C. G, and Forney, J. D., /. Am Inst. Elcc. Eng., 47, 747, 855 (1928); 
Kirschsteni, B., and Koppelmann, F., Z. tech. Physik,, 15, 604 (1934), and the books, Kohler, W., and 
Rompe, R., “Die EJlektnschen Leuchtrohre,” Vieweg, 1933; Seeliger, R,, “Physik der Gasentladungen,” 
r*eipzig, Rarth, 1927; Harrow, K. K., “Electiical Phenomena m Gases,” Baltimore, Williams and 
Wifkins, 1932, 

“Nottingham, W. B., J. Frank. Inst., 205, 811 (1928); Mason, R. C., Phys. Rev., 38, 427 (1931). 
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nickel arc cathodes have been found to lie near the boiling points of these metals 
such temperatures are said to be loo low to produce sufficient electrons to give the 
observed current densities.^^ Furthennore, so-called “cold cathode’^ arcs arc known 
to be obtainable.^® Slepian reported that the arc current to the cathode may be 
carried by positive ions resulting from thermal ionization of the gas, in accordance 
with the Saha equation. The necessary temperatures of 6000 to 7000^^ were 
assumed to exist in a thin layer of gas next to the cathode. ]>angmuir introduced 
a different theory in which electrons are assumed to be drawn from the cathode by a 
very intense electrostatic field near the cathode surface set up by a positive space- 
charge sheath, a view further developed by Mackeown and Compton.’’^ 

Much work has been done upon the relation between the potential drop at the 
cathode and the ionization potentials of the gases or vapors which emit radiations 
when the molecules or atoms are struck by the electrons. Electron densities have 
also been related to the intensities of lines or bands emitted.^® Nottingham states 
the cathode drop of 20 volts in the copper arc to correspond with the second ioniza- 
tion potential of copper vapor. In the cadmium arc, the droj), 8.4 volts, agrees with 
the ionization potential of cadmium. In the thallium arc, the drop was slightly 
higher than 6.08 volts, the ionization potential of thallium. In the carboti arc, the 
cathode fall of 5 volts agreed fairly well with the ionization potential (4.4 volts) 
of the cyanogen molecule. Tt may be noted, however, that others report the cathode 
drop of the carbon arc as 9 volts. That the electrons in tlie arc plasma could have 
the necessary velocitie.s to give the required excitation energies implies that the 
electrons must ha\T a greater velocity of agitation than might be expected from the 
potential gradient between collisions. The velocity of agitation of the electrons 
implies an “electron temperature “ By the use of the T.angnntir probe methods, 
Nottingham found this temperature to be 6000^ ff)r the cadmium arc, 8000'^ for 
the thallium arc and 19,000® for the copper arc, or sufficient to accotmt for the 
observed intensities of the emitted lines.^^ 

In the course of his work on arc temperatures, Nottingham devcF)pcd a 
photographic method for finding the area of the hot spot on (he cathode from which 
the arc passes. This area appeared to increase in proportion to the total current, 
so that the current density remained constant In the arc itself, a magnetic field due 
to the current tends to concentrate the discharge about a longitudinal axis in its 
center.^^ 

The vapors distilled fiom metallic arcs have been vSludied by Rayleigh and 
by Berkey and Mason.^“* Rtatter is lost from the cathode of an iron arc. The 
decrease iti weight of the latter is not ]>ro])ortional to the current alone, biU depends 

Hagenbach, A, and I.anKboin, K, Arch Ccit., 46t, (1918), Tanbcrg, R, and Berkry, W. E.. 

/Vivv. l^ev . 38, 296 (19,31). 

Slepian, J., Phys Rrv., 27, 407 (1926); Seelij?fr, R, Phvsik Z , 27, 22 (1926); 31, 691 (1930). 
i«NicoI, J, Proc. Roy Sor , 82A, 29 (1909), Stolt, 11., Z Phyuk, 26, 9*; (1924). 
i‘Lanj?mtni, I., Ccn. Bln Rev.. 26, 73^ (1923). Z Physik. 46, 282 (1937). 

Mackenwn, S S, and Compton, K T, / Aoi Jii\t Illcc. P.tiq , 46, 1192 (1927) See, however, 
Slepian, j., and Haverstick, E J., Phys Rev, 33, 52 (1929), and M.ison, R. C, Jhid , 38, 427 (1931). 

See for the copper arc measmements, Biamhalt, E H. Phil Mag, 13, 682 (1932); Ornstem, 
L. S, and Vcrmeulen, O, Z. Phystk, 70, 56l (1931); ,Schmidt, R W., Z. Physik, 106, 35 (1937); 
Robertson, R. M. Phy^ Rev., 53, 578 (1938), 

Nottmfirharn, W B, 7 Frank Jnst., 206, July, 1928: 207, March, 1929; 208, 192 (1929) 

See, however, Branihall, K. IT, Pftt/ Mag, 13, 682 (1932). These tel.itions have been discussed 
more exactly in the positive columns of low pressure (fas dtvchaifres. 

^‘♦Nottingham, W. B , 7. Frank. Inst, 205, 811 (1928). 

Northrup, E. h., Phys Rev, 24, 474 (1907). 

Rayleigh, Loid, Proe. Roy Soe , 112A, 14 (1926). 

Berkey, W. E, and Mason, R, C., Phys. Rev., 38, 943, 1783 (1931). 
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also upon the cooling of the cathode.^^ The whole surface adjacent to the bright 
spot contributes to the loss. This vaporization of the electrodes makes their nature 
of particular importance in determining the potential difference across an arc of 
given length, and in obtaining the constants in the modified Ayrton equation. The 
transport of luminous material in the arc has been studied by measuring the varia- 
tions in the intensities of the spectral lines in different portions of the arc,^^ as well 
as by other methods.^® Very high velocities have been observed."^^ 

Spectrograpiitc Arcs 

An arc between iron electrodes generally is employed in spectroscopy. Baly 
used a horizontal arc wn‘th the iron poles tnechanically rotated in opposite directions. 
The arc was stated to be capable of giving long exposures. This was a modification 
of a (hvice of ("rew and Tatnall in which one electrode comprised a rapidly 
revolving disk mounted on the armature of a motor and carrying on its periphery 
small pieces of the metal whose spectrum was to be observed. The other electrode 
was a rod of the same metal mounted on a tine-cut screw so that the position of the 
electrode could he accurately adjusted.^® 

The Pfund arc/'^^ used as a steady source for the measurements of wave-lengths 
of the iron arc, is vertically mounted. In operation, the iron arc makes a ttansition 
from a high voltage stage to a low voltage stage with currents of about one ampere. 
Cady and Arnold find the excess potential in the high voltage stage to lie in the 
anode fall. The iron arc lairns at low voltages hi impure argon, helium or neon, 
but cannot be struck in these gases if the latter are rigidly purified.*^^ 

An enclosed iron arc described as a convenient souice for the standardization of 
spectral lines emits a discharge in an inert gas. The latter is maintained at 
atinosiiheric pressure. In this manner one electrode is heated to a temperature 
sufficient to provide enougdi metal \apor to yield the iron spectrum At least one 
electrode is compacted of sintcied pine iron or iron compounds and contains an 
electron -emitting substance such as barium or calcium oxide. Titanium, tungsten, 
iiiolybdenuin and chromium must be absent to prevent confusion in reading the 
spectrum. A window for transmitting the radiations is placed on a tubular extension 
of the bulb. 

Data on exact wave-lengths of the standard lines of the iron arc have been 

Sohmick, H, -md Sreligc^r, R, PJivsik 7 , 29, 864 (1928) Sve aho Liudet, (1, Compt, rend, 
192, 202 (1931), and Kirschstciti, B, Vitoffent, Sicmcns4i'cf ken, 16, 69, 72 (1937), Chem. Abs , 

31, 7341 (1937) . 32, 20U (1938) 

3<Ornstcm, L S, and Koopinans, T, Ptoi Acad Sci Am^ndam, 34, 1099 (1931), Chem Abs, 26, 
4755 (1932) 

-“■^TanbcrK, R , /7ivr r , 35, 1080 (1930) 

See, e.g , Skpun, J., and Mason, R. C, /‘hyf Rev., 37, 779 (1931), Compton, K. T, Ibid, 36, 
706 (1930). 

VHft ^ vnmni u y of iect*nt th<ot>, Rtdlwigcn Spictrochcm icia, 1, 66 (1939) 

E. C. C, ‘•.Spc-ctto‘'Copy,” \’ol 2, p 91, London, Lomfmaii‘> Green and ('<) , 1927 

Crew, 11 , and Tatnall, R , Phil M<nf . 38, 379 (1894). 

See nko Kenhaus, C I, Am .So< Materials, I’repunt No. 51 (1938), Client. Ahi , 

32, 6105 (193 8) 

Pfund, A H, dtttophw J, 27, 296 (1908). 

C'ady, W’ (», and Arnold, H 1), Pin wA, / 8, 890 (1907) 

=^'I)oan, G K. and Myci, J \ , Fh\s K,v . 40, 30 (19.12) 

British P. 401,509, Nov 16, 193 3 (Patent Tienharal (ics,en«ich.tft fm elektnsche Gluhlampen, 
assigned to Geueial Ekitiic Co, idd ), see also Piiaiii, M, and Rompe, R., /, tah. 13, 134 

(1932). 
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reported by Babcock ^ and by Bums and Walters,®® with particular reference to 
the vacuum arc**** 

Ultkaviolet Sources for Photochemical Processes 

Temperatures and energies emitted in small tungsten arcs have been studied by 
de Groot.®® Moore employs electrodes of an alloy composed essentially of 
tungsten with 1~5 per cent of titanium and 0.25-2.0 per cent of chromium. The 
tungsten arc between rods of 6.4 mm. diameter is rather unsteady and hard to keep 
in focus because of the formation of a crust of oxide around the electrode. It is 
weak in rays of less than 2300A, from which wave-length there is a gradual increase 
in intensity to a maximum at 4500A. 

Arcs carrying 6 amperes between 12 mm. nickel rods are said to provide quiet- 
burning sources of ultraviolet, emitting strongly at 2300 and at 3500 A.^^^ Mac- 
donald^^ produces ultraviolet rays by means of an arc created in a vacuum from 
electrodes of gold alloyed with copper or silver. Nagaoka and Suguira described 
an arc in which the cathode was a carbon rod coated with barium or strontium 
oxide, the rod being sheathed in a silica tube. Various metals or salts in a similar 
silica tube served as anode. The arc operated in a vacuum and at 1500 volts pro- 
duced rays which penetrated aluminum foil. Vaporization of the anode metal, short 
life of the arc, and the necessity of cooling the system and pumping to maintain 
vacuum were among the reported disadvantages of this arc. Albers described an 
apparatus for maintaining an enclosed beryllium arc in any atmosphere at reduced 
or elevated pressures. 

The Carbon Arc 

The caibon arc was discovered by Sir Fluniphry Davy, between 1802 and 1808 
He employed a 2000-plate voltaic battery as source of current aticl obtained an arc 
three inches long. The development of carbon arcs has followed two chief paths. 
One is the design of steady, very brilliant arcs for motion-picture projection or for 
air-port illumination. The second has been concerned with methods for altering the 
distribution of the intensity of tlie radiation within various spectral regions to meet 
special demands of industrial photochemistry. Also, the carbon arc is utilized for 
therapeutic purposes. Much of the progress has been due to alterations in the 
carbon electrodes. 

An early advance consisted in the introduction of a central core of a soft, neutral 
composition, which stabilizes the arc stream and prevents the latter from shifting 

♦ What is known as the pole-effect is a slight difference in the wave-lengths of many 
lines when tlie arc is examined near the poles or at the center.*’ The pole-effect does 
not affect ordinary analytical methods and is of importance only in precise spcctro- 
graphic work. In some instances, revolving electrodes may be employed.®’ 

Babcock, H. D., Astrophys. U, 67, 240 (1928), 

Burns, K., and Walters, F. M., Jr., Pub. Alleght'ny Observatory, 6, 159 (1929); Chem. Abs., 23t 
4886 (1929) 

** St. John, C. n., and Babcock, 11. D,, Astrophys 42, 231 fl915). 

SventitskiJ, N S, Zavadskaya Lah., 6, 325 (1937); Chem. Abs , Si, 7762 (1937). 

J»de Grooi, W., Ph\uca, 5, 121, 234 (1925), Chem. Abs . 19, 2449, 3215 (1925). For line measure^ 
merits, see L.iun, J) 1)., Phys Rev., 48, 572 (1935) 

Moore, W. G., U .S. P. 1,872,322, Aug 16, (hem Abs, 26, 5857 (1932). Note also 

Blake, G (I, Bntish P, 279,680. Jan. 4. 1927 

(3obIent^, W. VV., Uoicas, M, and Hughes, G W, Sd jPapei t, Ihtnait of Standards, 21, No 
539, \K 547 (1926). 

Macdonald, R. F., BiitiSh P 206,588, Aug. 9, 1922; Chem Abs 18, (1924). 

Nagaoka, H., and Suguira, Y, Astrophys. / , 57, 86 (1923), 

^iUbers, V. M , / Opt. Soc. Am , 19, 146 (1929). 
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about the rim of the crater. Coating the carbons with copper or other metals 
lessens overheating. The liglit from either the solid or the neutral-corcd carbon arc 
(on direct current) comes almost entirely from the crater of the positive carbon, 
little being derived from the arc stream or the tip of the negative carbon. With 
alternating current, there are two craters of light, but the brilliancy and efficiency 
are somewhat less than that secured with direct current. 

There have been developments in the application of refractory coatings. Thus, 
the electrodes may be placed in a silica tube and heated to 700® in a current of 
silicon tetrafluoride at a pressure slightly above atmospheric to form a non-oxidizable 
coating which retards combustion.'*'* Other coatings of silicon or tungsten car- 
bides or of sprayed chromium on the carbon have been described. In some 
instances, the carbon first is covered with silvered copper, and the whole sprayed 
with chromium. The use of a cellulose lacquer coating to prevent the absorption 
of water on the carbon, which causes flickering, has been proposed by Wilson.***^ 
As the arc passes, the positive terminal becomes hollowed out to a crater, while the 
negative terminal remains pointed. According to Griffith, Taylor and Jack^® the 
flame of the arc contributes most of the radiation which is effective therapeutically. 
The efficiency of the arc increases to a limiting value with flame length, above which 
the efficiency is independent of flame length. The ultraviolet emission is a function 
of the watts consumed in the flame of the arc. 

A high intensity carbon arc, intended for motion picture projection in large 
theatres, comprises cored ^ mm. positive carbons (without metallic coatings) and 
smaller copper-coated negative carbons.'*® The arc is operated wuth a horizontal 
positive carbon, continuously rotated to maintain a well-formed crater. The cathode 
is placed at an angle 40-60® below the horizontal. Arc currents of 60 to 190 amperes 
are employed at 4S to 90 volts, d.c. The .spectral energy distribution is said to be 
similar to that of sunlight. The crater furnishes 70 per cent of the light, the remain- 
der coming from the tail-flame The color and brilliancy of the light indicate p tem- 
perature of 5500®C. Since this is higher than the vaporization temperature of 
carbon, tlie source must be other than the solid tip of incandescent carbon. Alter- 
nating current high intensity arcs have been developed. High intensity carbons 
usually are cored with cerium fluoride or some similar material. The very high 
current densities reejuire the use of oxides, fluorides, etc., in a central rod, embedded 
in the carbon,^® Only difficultly vaporizable substances may be used in the core. 
Alkalies must be avoided as they are detrimental to the brilliancy of the crater. 
Beck has described the construction of a negative electrode for high intensity arcs.®^ 

Temperatures in the arc may be estimated by a study of the intensities of hand 

Sinjjleton, W., and Hare, A, P. 248,167, March 17, 1925 (Gcneial Electric Co., Ltd.). 

^*1. G. Farhenindustrie, German P. 578. “iOl, June 14, 193.5. 

*"0. H Champion and Co, Ltd, and Champion, C. H., British \P. 406,434, March 1, 1934. 

^^WtlsoTi, W. N., British P. 395,073. JuW 13, 1933. 

« Griffith, H. D., Taylor, J. S., and Tack, J. M., Brit. /. Radiohgy, 23, 203 (1927); Chem. Abs., 

21, 3830 (1927). 

<»Kalb, W. r, Eire. Eng 53, 1173 (1914); 56, 319 (1937). See also Bassett, P. R, Trans. Am. 
Elcctrochem. Soc , 44, 153 (1923). The toxjcity of the fumes from such arcs appears to be due 
primarily to nitric oxide, carbon monoxide being negligible, according to MacQutddy, E L., Tollman, 
J. P., LaTowsky, L. W,, and Bayliss, M , J. Ina. Hyg. Toxicol,, 20, 297, 312 (1938); Coltman, R. W., 
Ibid., 20, 289 (1938). 

»«Orne, .S. W., U. S. P. 1,867,524, July 12, 1932; Ckem. Abs., 26, 4 544 (1932); Dorcas. M., 
U. S. P. 1.920,921, Aug. 1, 1933; Chem. Abs., 27, 47 46 (1933). 

British P. 285,424, June 19, 1929 (('ompagnie Lorraine de Charbons pour I’Electricit^) ; see also 
U S. r. 1,952,810. March 27, 1934; Chem. Abs., 28, 33 1 7 (1934), and British P. 475.252, Nov. 16. 
1937; Chem. Abs., 32, 3280 (1938). 

fi«Bcck, H., U. S. P. 1.991,998, Feb. 19, 1935. 
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spectra,®'^ Onisteiii and Brinkman concluded from the intensity of the cyanog^cn 
bajids at 3884 and 421 6A, that the v iolet kernel of the carbon arc shows a tempera- 
ture of 6500® K. Lower temperatures of 2950 to 3600® were obtained when the 
bands of AlO were produced by filling the anode cup with alumina and carbon. 
Other results indicated the arc gavses to have temperatures exceeding those of the 
electrfxles, showing that the high temperature of the gas plays an essential role in 
the discharge mechanism,"'*'^ By a method based upon the reflectivity of carbon, 
Warmuth calculates the temperature of the positive crater to be 3740® C. 
Chaney. Hamister and Cdass find the temperature ot the positive crater to 
approach as a limit the sublimation point of pure crystalline graphite. They state 
the maximum brightness temperature of the carbon crater is probalily 3810® K or 
40® higher than that found by Waidner and Burgess. I'he true crater tcin])erature 
they believe to be between 3925 and 3970® K. 



Figurk 11. Spectral Energy Distribution Curves of Sunlight and High-intensity Carbon 
Arc (Greider, Industrial and Lmjincering Chemistry) 


Ryde found that in arcs with a positive carbon cored witli calcium fluoride 
and operated at current densities greater than the limiting current densities for 
ordinary carbons, a briglit central core develops in the arc stream. In the central 
core, the sp(‘ctra of neutral carbon, nitrogen and oxygen, the Rainier series of 

V Engel, A, and StcenSeck, M., lN^atur7vi\s , 19, 212 (39.31), C hem Abs , 25, 2357 (3931)J, nse 
the absorption of x-rays. 

'■"f Omstein, L S., and Brinkm<in, H., Naturwu^ , 19, 402 (1931); Proc. Acad Set. Amsterdam, 
34, 33, 498 (1931); Ckem, Ahs . 25, 3567, 5842 (1931). 

(3rnstein, T> S, Bnnkm.m. 11., and Verraenlen. D, Proc Amsterdam, 34, 764 0931), Ornstein, 
L. S., Phvstk. Z, 32, 517 (1931); Oinstcin, L. S, Brinkman, 11,, and Beunes, A., Z Physik, 77, 72 
(1932); Mason, R C, Phystca, 5, 777 (1938); Chem Ahs, 32, 8364 (1938), For determinations by 
other methods see Hormann, H, Z. Physik, 97, 539 (1935). Lochte-Holtgreven, W., and Maecker, H., 
\Z. Physik, 105, 1 (1937)J raise the values from rvanogon bands to 7600® for the normal and to ns 
high as 8700*® for an over-run arc. See also Khlebnikova, L Y.. J Evptl. Thcnr. Phys. (V.S S.R.) , 

7, 1220 (1937); Chem Abs„ 33, 48 66 (193 9); Khramova, E F., /. Exptl. Theor Phyu (V S S.R.) , 

8, 176 (3938); Chem. Abs., 33, 4866 (1939) 

®®Wartimth, K, IViss. VcrbffcniHch. Siemens-Konz , 7, 307 (1928); Chem. Abs., 23, 316 (1929), 
CSiapey, N. K., Hamister, V, C., and Glass, S. W,, Trans. Hlectrochem. Soc., 67, 107 (1935). 
J. W., Proc. Roy. S'oe. London, 117 A, 164 (1937). 
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hydrogen and some argon lines are excited. Of the two chief band systems, i,e,, the 
Swan bands and the cyanogen bands, tlie former ate strongly excited close to and 
inside the positive carbon, but do not appear at all in the arc stream under nonnal 
conditions. The origin of the cyanogen bands is well established, since they are 
absent when the arc is operated in a gas free from nitrogen. The Swan bands 
appear to be iormed by An increase in current rapidly increases the intensity 

of the cyanogen bands. 

The distribution of energy in the carbon arc operated under various conditions 
has been deternut\ed by Greider,^^^* who employed a quartz monochromator for the 
region between 2300 and 7000A and an infrared spectroradiometer between 6000 
and 18000A. The relative energy distribution curves were converted into absolute 
energy unit curves by a method involving the use of a galvanometer and tber- 



inopile,^^ hi the curves reproduced iti Figures 11 jind 12, unit areas represent unit 
amounts of energy, so that tlie Intensity between any two wave-length limits may be 
estimated by measuring tlie corresponding area under the curve. 

Figure 11 compares the energy distribution from a 13.6 mm. high-intensity aic 
operated at 125 amperes and 80 volts tie. with that of normal sunlight. Each siiuare 
represents 2500 microwatts per s({ cm. at a distance of one meter. The agreement 
is quite remarkable, the chief difference being in the greater output by the arc of 
radiations shorter than about 450()A. The spectrum also extends to a shorter wave- 
length limit, although tins forms hut an insigniticaiit fraction of the total radiation 
from the arc. 

tohiison K. C, Natnrt’, 116, 5.'^9 (1925); Johnson, R. C,, and Asuudi, R K,, Proc. Roy. Soc , 
1 ondon, 124A, 068 (1929) 

"" dreider, C. F.., Jnd. L'nc/ Chem., 23, 508 (1931), foi a discussion of the methods employed in 
such mcu.Murements, see Chaptci 7, 

’’Mdeuler, K, .ind Downen, A. C., Trans lllmn. hnu Soc, 25, 378 (19,10). 27, (x37 (^932). See 
also M.mdei’shtam, S L,, Compt rend acad. set P R SS., 18, 559 (1938), 
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The energy distribution of the plain carbon arc with poles at right angles and 
carrying 30 amperes at 55 volts is shown in Figure 12 in which each square repre- 
sents but one-tenth of the energy of the previous figure. This arc burns at a lower 
temperature, so that the total intensity is lower, and the intensity maximum occurs 
at a longer wave-length. There appears also a larger amount of the line or band 
spectrum from the arc stream, giving peaks at 2500 and 3900A. When a plain 
vertical carbon arc is utilized, there is found to be relatively less continuous 
radiation from the craters. Also the maximum intensity lies much farther toward 



(Courtesy NatiofuU Carbon Co,, Jnt,) 

Figure 13. Spectral Energy Distribution of Sunshine Carbons. 


the infrared than with high mteni>ity carbons. This flame carbon arc may be made 
into a versatile source of radiation by the addition to the electrotie of \<irious sub- 
stances, which may be vaporized into the arc. The added materials are eithei 
distributed throughout the carbon or, more commonly, are concentrated into a 
central core. 

Figure 13 gives the energy distribution of Sunshine carbons which contain 
ceimm in the core As compared with the neutral core arc, there is a marked 
increase of energy in the ultraviolet, increasing gradually in intensity fiom about 
2900 to 4000A. There is a fairly uniform intensity at a much lower level, from 
about 4500 to 8000A, due to lines so closely packed together as to yield a nearly 
ccDfttiiiiTous spectrum. Beyond about 8000A the intensity falls off rapidly, piactically 
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all raditttiott ifl this area being that from the incandescent poles. Snch arcs arc 
especially awitaole for photography and photoengraving, Reactions believed to 
occur within the arc stream or hot electrodes of the ccrktm carbons have been dis- 
cussed by Bassett^® These carbons are also suitable for tlierapeutic arcs in which 
it is desired to imitate sunlight. The lower and upper curves in Figure 13 refer 
to the output of the arcs operated with 30 and 60 amperes, respectively. Figures 14, 
15> 16, 17, and 18 give similar data for various other therapeutic carbons 

'"K” and are the trade designations). In each case the output increases 
much more rapidly than the rate of current increase. Up to about 30 amperes, the 
output IS approximately equal to the square of the current, but at higher currents 
the rate of output decreases. The carbons contain iron and yield light similar 
in general distribution to that of the mercury arc. 
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(Courtesy Nattonal Carbon Co » Int ) 
Figure 14. Spectral Energy Distribution of Therapeutic B Carbons. 


The carbons contain in the core a mixture of metals including iron, nickel 
and aluminum. Dorcas®® has described the preparation of these electrodes. A 
hollow shell tube of carbon is formed and baked at 1400° C. Into the tube is then 
forced the core and the whole heated These caibons give a series of groups of very 
intense lines in the ultraviolet, with but a relatively low intensity of energy in the 
visible region. The infrared radiation folkms the general shape of the curve for 
the incandescence of carbon craters, but is i datively low in intensity. The ‘'C' 
carbons are used for ultraviolet tlieiapy as they have an even distribution of 
radiation through the physiologically active range. A 30-ampere carbon arc at 
50 volts, a c , is said to give two to seven times as much biologically active ultra- 
violet energy as do mercury arcs. The carbon is particularly strong in the zone 

Bassett, P. R., Trans Blectrochem, Sac, 44, 153 (1923). 

« Dorcas, M. J., U, S P. 1,862,300, Jutie 7, 1932. 
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(Courtesy National Carbon Co,, Inc.) 

Figure 15. Spectral Energy Distribution of Therapeutic C Carlx)ns, 



Figure 16. Spectral Energy Distribution of Therapeutic E Carbons. 
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of antirachitic radiation (2700 to 3000 A) and is the strongest of all ther^eutic 
carboos of the National Carbon Co. series in the tan-prodticing zone from 3000 to 
3200A, 

To secure particular energy distributions in the ultraviolet wires of zinc or 
aluminum may be embedded in holes bored in the carbon. Copper and cobalt usually 
are added in powder form to the carbon Cobalt carbons) gives a very high 
intensity near 2400A and a peak near 3600 with a low intensity in the visible and 
infrared in comparison with the plain carbon arc. In absolute units the energy is 
not far different at 9000A and at the 2400A peak. This carbon is said to simulate 
in effects the Kromayer mercury aic. (See page 126 ) 



Fk.url 17. Spectial Energy Distribution of Therapeutic K Carbons. 

To secure particularly the region 2800 to 3100A, Greider employs about equal 
quantities of iron, chromium, manganese and titanium in the core of the carbon. 
Arcs with calcium or strontium compounds in the core have relatively little energy 
in the ultraviolet. The strontium arc (^‘E” carbons) is used in infrared therapy. 
The intrinsic bnlHance of the flame of all these arcs is relatively low, but the size of 
the flame is stated to give volume and efficiency 

The effects of various proportions of iron in the anode on the spectrum of the 
carbon arc have been determined by Reiniers.®® With 30 to 00 per cent of iron, the 
cyanogen band could still be detected, but most of the other bands disappeared when 
2 per cent of iron was present, with the exception of those at 5152-51 59A. The 
latter can still be detected with 25 per cent iron in the carbon. 

Peczalski has shown that the sjiectruin of the internal layers of an arc salted 
with calcium fluoride consists principally of calcium fluoride bands.®® Reiter and 

^Greider, C. K, U. S P 1,920,2*55, Aup: 1, 1931 (to National Carbon Co,), Se«, However, 
O’Bnen, B , U, S. P 2,121,882, June 28 1918, Abs, 32, 6353 (193R). 

Extensive studies of the enns«iion of various carbons have also been made at the Bureau of 
Standards. Coblentz, W. W., Dorcas, M J , and Hughes, C. W,, Set Papers Bureau Standards, 
21,, No. 539 (1926); Coblentz, W. W, Am f ElectrotherapeuUcs and Radwljogy, 63, 455 (1925). 

••Reiniers, T. H., Jr, Verslag Akad Wetenuhappm Amsterdam, 33, 655 (1924); Chem. Abs.* 
19, 2300 (1925). 

w.Peczalski, T., Campt rend, 199, 405 (1914); Szulc, N., Ibid., 201. 48 (1935). 

** For details of the preparation of carl>on electrodes containing calcium fluoride, see M. and V. 
Amone, British P. 247,831. Feb 2S, 1926; Ckem Abs., 21, 536 (1927); and also Ornc. S. W.. 
U. S. P. 1,867.524, July 12, 1932; Canadian P. 310,628, April 21. 1931 
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ClafcbT ^ «te$cribft m arc 5n which at least one electrode containing: silver is used in 
conjtinction with various filters. This arc was stated to produce a strong spectrum 
between 3300 and 3600A, lines of wave-lengths less than 3200A being practically 
absent The arc was intended for use in the stimulation of plant growth. (See, 
however, Chapter 44.) 
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(Courtesy NaHonal Carbon Co , Inc } 

Figurf 18 Spectial Energy Distribution of Therapeutic U Carbons. 


For therapeutic radiations, Chesney employs carbon with iron carbide and at 
least two ferroalloys of metals, such as uranium, tungsten, vanadium, molybdenum, 
yttrium, titanium, tantalum and zirconium, having complementary spectra rich in 
ultraviolet. E. and O. Conradty add bismuth or a salt of bismuth to the core of 
a carbon arc. 

Lavoisier uses as one electrode a dehydrated and glazed mixture of zirconia 
and yttria. Volmer uses electrodes of metal oxides, nitrides, carbides or silicates, 

getter. T., and Gabor, D., U. S. P. 1,856,969, May 3, 1932 (to Siemens and Halske, A,-G.) , 
Chem. Abs., 26, 3447 (1932) 

Chesney, jf., U. S. P. 1,838,741, Dec. 29, 1931 (to U V Generator Corp.); Ckem Abs., 26, 
1202 (1932). 

Conradty, E., and Conradty, O,, French P 710,913, Feb. 6, 1931; Chem. Abs , 26, 1526 (1932). 
^^^^votsjcr, I. J., U. S P, 1,682,847, Sept. 4, 1928 (to Burdtek Corp.); Chem Abs, 22, 3848 

^VhW, M., British P. 418,988, Oct. 29. 1934; U. S. P. 2,074,600; Chem Abs,, 29, 2454 (1931). 
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The metals sug-gested include zirconium, magnesium or aluminum with the addition' 
of ferric 03cidc. Moore and Hole use powdered tungsten sintered with iron and 
titanium and add other metals to supply radiations any desired part of the 
spectrum. 


Figxjbe 19. 

Industrial Carbon Arc. 


(Courtesy National Carbon Co,, Inc.) 



Unusual designs of carbon arcs have been proposed, Pauthenier used a 
rotating arc and Pierucci employed an electrolyte as one electrode of an alter- 
nating current carbon arc. Rocard and de Rothschild direct gas currents along 
the electrodes. According to Gauthier, Le Bozec and Dubois a cathode for rotary 
flame arcs comprises a hollow annular ring in which a cooling liquid flows con- 

« Moore. W. G.. and Hole, K. W., British P. 450,552, July 20, 1936; Moore, W. G., British P. 
245.S72; Cftm. Abs , 21. 363 (1927), 

Pauthenier, Compt. rend., tSO, 1834 (1925). 

’•Picrucel, M., Nuovo cimento, 12, 1 (1935); Chem. Abs, 29, 3607 (193S). 

” Rocard, Y. A, and dc Rothschild, P., British P. 287,160, Maich 17, 1927. 
w Gauthier, G., Le Bozec, t„ and Duliois, R.. U. S. V. 1,793,605, Feb. 24, 1931; Cfu m. Abs., 28. 
2061 (1931). 



€6 CHEMICAL ACTION OF ULTRAVIOLET RAYS 

tJtttiOiislyf An apparatus for producing an electric arc in which a gaseous hydro- 
carbon is led between two concentric carbon electrodes has been describedJ^ 

For commercial arcs intended as photochemical sources, some type of automatic 
feed for one or both of the poles is necessary to keep the arc length constant though 
the pole materials suffer destruction. In some instances an electromagnetic device 
is employed which alters the distance between poles as the current through the arc 



Figure 20. 

Evcready Model A -2 Carbon Art 
Lamp. 


(Courtesy National Carbon Co, Inc,) 


changes. A method based upon thermostatic control has been advocated by 
Patterson.®^ Photoelectric control has also been proposed.®^ 

Industrial arc installations have been developed by the National Carbon Co. 
(Figure 19.)®® Such arcs are reported to operate for ten hours or more without 
attention, and to be capable of remote or automatic control. It is claimed the ultra- 
violet shorter than 4000A can be produced by this arc in commercial quantities with 
a switchboard efficiency of over 12 per cent. A typical medium-sized unit uses 3 


wPresslicht-Patent-Verwertungsffescllschaft, German P. 579,682, Tune 29, 1933: Chem. Ahs., 28i 
980 (1934). 

"Patterson, M. L , U. S. P. 1,778,770, Oct. 21, 1931; Chem. Abs , 25, 6 (1931). 

» Lennox, E. A., British P. 383,853, Nov. 24, 1932. 

"Other details of mechanical construction and control; Tapiian, C., British P. 412,844, July 5, 
1934; Boardtnan, R., British P. 372,552, May 1, 1931; Taylor, A., and Hcathcote, R., British P. 
416,170, Sept. 13, 1934; Woerner, H. B., U. S P. 1,705,798, March 19, 1929; Siemens-ScbuckCrt 
Werkc, British A 390,624, April 13, 1933; Robinson, P. W,, British *P. 379,524 Sept, 1, 1932: 
Zeiss Ikon, A.-G., British P. 381,452, Oct. 6. 1932; 414,316,^ Aug. 2, 1934; 405,597, Feb 8, 1934; 
Hall, B. J., BntMsh P. 396,876, Ang. 17, 1933; Anderson, N. J., and Rigby, R., Ltd., BHtish P, 
391,059. April 20, 1933; Cricks, Rigby and Rigby, Ltd, British P, 400,692, Nov, 2, 1933; Vdmer, M., 
U. P. 2,004,680, June 1. 1935; British P. 418,988, Oct. 29, 1934. 
mj^orcAS, H. J., M. Bng. Chem,, 22, 1244 (1930). 
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kilowatts (S9 volts, 60 aoiperes) directly from a 220- volt ax* line through trans- 
formers. With carbons, it would give about 50 x 10“® watt per scpiare milli^ 
meter (at one meter horizontal distance from the arc) of radiation shorter than 
6S00A. About half of this radiation is in the ultraviolet range. Each square m^ter 
(and there are 12.5 such around the arc) can be irradiated with 25 watts of ultra- 
violet. Such units are of value in the food and stock- and poultryrfeed industries. 



H CLtWCAt SUNLISMT 


OISTAMCe AT WHICH INTENSITY Of 
BIOLOGICALLY ACTIVE NAOIATION 
I 2900 . 3100 AU ) EQUALS AVERAGE 
CUNtCAL SUNLIGHT 

2 times clinical sunlight 

3 TIMES CLINICAL SUNLIGHT 

4 TIMES CLINICAL SUNLIGHT 
9 TIMES CLINICAL SUNLIGHT 
10 TIMES CLINICAL SUNLIGHT 


(Court€9y National Carbon Co,, Inc.) 
Figuke 21. Curves of Uniform, High-intensity Sunshine Carbons. 


Arc lamps with special housings are available (Figure 20) equipped with a 
removable Corex D glass filter for lessening the output of radiations shorter than 
» 2900A. The lamp uses 11 5- volt, 60-cycle alternating current" ' Figure 21 indicates 

the intensities of the 2900 to 3 100 A radiations at various positions with respect to 
the center of the beam, as compared with their intensities in average sunlight A 
simpler form of arc lamp (Figure 22) is also utilized. These lamps may, be equipped 
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with adaptors atid applicators for irradiation of small areas, (Figure 23.) Large 
motor^fed solarium units (one-arc, two-arc and four-arc types) make possible the 
treatment of from 18 to 20 patients at one time (Figure 24) and are in use in many 
hospitals, schools and sanatoria. Such units,®^ also adapted to clubs and swimming 
pools, use carbons 12 feet long. The arc burns between only one pair of carbons at 
a time, shifting to another set every half hour as the carbons burn back. One trim 



Figure 22. 

Eveready Model L 1 Lamp 


(Couftpvx National Carbon Co, In* ) 


of carbons burns continuously for 12 hours if operated at 45 amperes, ten hours at 
60 amperes or 8 hours at 90 amperes. 

An arc for splitting hydrocarbon gases to acetylene and hydrogen and for synthe- 
sizing hydrogen cyanide has been described.®® The zinc-graphite arc has been 
employed under liquids as a reducing agent.®® Under carbon disulfide, the optimum 
yield of carbon subsulfide was almost SO per cent of that represented by the reaction : 

®*Kalb, W, Cm /. Am, Inst. Blec. Eng., 49, 1051 <1930). 

** Soc. pour I’md. chim B&lc, German P. 607,331, Dec. 21, 1934; British P. 389,761. See also 
Bnner* E., DesbaiUcts, J., and Paillard, H., Helv. Chvm. Acta, 21, 115 (1938). 

A, Brandt, A., and Fischer. H.. Ber. 58B, 643 (1925). 
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(CmftEty tfaiimai Carbon Co , Inc ) 
Figure 23 Adaptor and Applicators for Model L*1 Lamp, 



Figure 24 Solarium Carbon-Arc Equipment. 
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3 CS 2 4*42lIii-->C3S3 + 4ZnS* With silicon tetrachloride, a stationary aluminum 
cathode and movable zinc anode, the main reaction at -- 55® to — IS® consists in 
production of zinc chloride and silicon, a minor portion of the silicon tetrachloride 
being converted into hexachlorodisilane. Under similar conditions, phosphorus 
trichloride yields yellow phosphorus and zinc chloride, together with small amounts 
of phosphorus dichloride, P 2 Ci 4 . Boron trichloride is converted into boron; to a 
minor extent a chloride, B 2 CI 4 , is produced but the latter was not freed completely 
from silicon tetrachloride, present as impurity in the boron trichloride used. 

Maslowski and Regulski have produced zinc nitride, Zn^No, by an arc between 
zinc electrodes in nitrogen at a pressure below 25 mm. 

Under-water operation of an arc has been employed as a method for disintegrat- 
ing the electrode materials. This is the basis of the B redig method for the prepara- 
tion of colloidal suspensions, the details of which have been summarized by 
Svedberg.^® Carter and Campbell have studied the gaseous products formed dur- 
ing the operation of the carbon arc under water. The average composition of tlie 
products was 9.8 per cent carbon dioxide, 18.1 per cent carbon monoxide, 3.3 per cent 
oxygen, 49.3 per cent hydrogen, 3.2 per cent saturated hydrocarbons and 14.6 per 
cent residual gas, mostly nitrogen. Finely dispersed graphitic acid also was formed. 

Plotnikow has described accessory equipment for rendering large and small 
carbon arcs suitable sources for the demonstration of the phenomena of ultraviolet 
fluorescence. With suitable filters, carbon arcs can be used as sources of infrared 
for clinical photography. 

The carbon arc may also be employed in spectrographic analysis. The material 
to be tested may be placed within a hole drilled in the lower car])on electrode. 
Details of analysis are found in manuals of spectrographic analysis.^^ Aclieson 
graphite electrodes, 0.6 mm. in diameter and 5 cm. long, are recommended. Special 
precautions must be taken in the purification of these electrodes.®^ Heat treatments 
usually are employed. Tlie common impurities in the electrodes include vanadium, 
lithium, strontium, calcium, iron, titanium, barium, aluminum, boron, copper, mag- 
nesium, manganese and silicon,®® 

# 

K., apd Eegulski, H., Conipt rend, soc. polonaise phys., 3, 87 (1927), Chem Aifs., 

Z3, 5114 as2»). 

^ SvedIberSt T., “Methoden zur Herstelhing Kolloider Losungen Anorganlscher Stoffe," Dresden, 
St«i»kopff, 1922. 

• Carter, H. D., and Campbell, A. N., Trans Electrochem. Soc,, 63, 4 1 9 (1933), 

•Plotnikow, I., Z. Elektrochem., 35, 434 (1929). For a discussion of syntheses conducted m 

electric discharges, see Schenk, P, W., Angew. Chem., 50, 535 (1937). 

®^See also BTitchie, C. C., Ind. Eng, Ckem, (Anal. Ed.)t 1, 1 (1929); V/ilhelin, H. A., Ibid., 10, 
211 (1938). 

• Hcync, Ang&w. Chem,, 45, 612 (1932); Moritz, H., Zentr. Mineral, Gaol, 1935Af 284; 
Roach, F,, Nature, 139, 547 (1937); Russanow, A., Z, anorg. allacm. Chem., 219, .3^2 (1934); Webb, 
D. A., Nedure, 139> 248 (1937); Stand, A. H., and RueWe, A. L, Ind. Eng Chem (Anal. Ed.C 
10, 59 (1938); Owens, J. S., Peake, T. S., and Fowler, R. G, U. S. P. 2,117,497, May 17. 1938. 
chem, Abs., 32, 4889 (1932). Dow Chemical (2o*» British P. 496,615, jevn. 3, 1938. 

“Maltby, J. 0., Chem. & Ind., 1937, 220; Standen, G. W., and Kovach, L., Jr., Proc. Am Sot 
Testing Materials, 35, Pt. 2, 79 (1935); Gattercr, A., Z. ver. deut. Ing., 80, 129 (1936>. 



Chapter 6 

Enclosed Vapor Arcs. The Quartz 
Mercury-vapor Arc 

Enclosed gas and vapor arcs, of which the mercury-vapor arc is the most widely 
used, differ from the open arcs of the previous chapter in that the enveloping tube 
or bulb makes the pressure of the gas or vapor in the arc-conducting stream inde- 
pendent of that of the external atmosphere. The transparency of the envelope also 
limitvS the radiations available from such arcs. If. as is generally true, the arc vessel 
contains in liquid or solid form a relatively large quantity of the element, usually 
mercury, the vapor of which forms the conducting medium for the arc, the vapor 
pressure will dei)end upon the operating temperature of the arc. The voltage drop 
across the arc is dependent, as discussed in the preceding chapter, not only upon the 
nature of the electrodes, the cathode exerting the predominant effect, but also upon 
the nature of the gas or vapor, and its pressure. If the vessel contains a supply of 
unvaporized mercury, the pressure is the vapor pressure of the mercury at the 
temperature at any time, being very low when the arc is cool, and atmospheric or 
greater under certain conditions of operation. When the pressure is low, the arc 
fills the entire tube. When, after a starting period, the pressure of the mercury 
vapor rises, the arc becomes constricted to a narrow bright luminous stream, sur- 
rounded by dark mercury vai)or This absorbs certain of the mercury lines by self- 
reversal and thus alters tlie energy distribution between the various mercury lines. 

The mercury arc emits predominantly only a few intense lines, superposed upon 
a weak continuous spectrum, which is neglected in much photochemical work. 
Under certain conditions, a less-important banded spectrum may be observed. About 
6 per cent of the total energy is of wave-lengths less than 2900 A. Figure 25 shows 
a photograph of the spectrum of a quartz tube mercury arc, and Figure 26 shows 
the relative intensities of the prominent lines of the spectrum. The relative inten- 
sities of these lines are modified by the operating conditions. 

The condition of the conducting gas does not limit the current as does the 
resistance of an electric lamp filament, so that a resistance must always be placed 
in series with a gaseous conduction discharge in order to operate it. 

Since the mercury arc came to lx‘ recognized as a reliable source of light of 
short wave-lengths, the number of types of lamps embodying its use has increased 
rapidly. 

The early forms of the mercury arc were direct outgrowths from the open arcs 
discussed in the previous chapter and had both electrodes of mercury. In time, it 
was found advantageous to replace the anode by some other metal. More recently, 
the tendency has been to avoid the use of mercury cathodes as well, and employ only 
mercury vapor for the conduction of the discharge. Lamps of this type will be 
discussed in Chapter 8. 
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Early History of the Mercury Arc 

Perkin^ considers the observation that a brilliant light is emitted when mercury is 
TR|>ori 2 ed in an electric arc to have been made originally ^ Wheatstone who, m 
described the characteristics of such a light before tlie British Association. Its illumi- 
nating power was not realized, however, until some time later, when in 1852 Jackson 
secured a patent for a mercury lamp. The latter consisted of carbon electrodes, the lower 
one of which had a recess to hold a small quantity of mercury, the idea being to provide 
a non-consuming electrode. Binks about a year later produced and patented a lamp 
having two mercury electrodes which were enclosed in a glass case. Provision was 
abo made for condensing the vaporized metal to the liquid condition again. Way 
patented a lamp (in 1856) which was described in the London Tmes of August 3, 1860, 
with the claim that it produced a more brilliant light than had ever been seen before. 

Harrison, in 1857, developed a lamp in which a carbon rod was suspended over a cup 
of mercury. In another form of lamp, mercury was caused to drop on a carbon rod. 
Di&culties were encountered in obtaining a steady arc, although Harrison endeavored 
to overcome these by means of an electro-mechanical device. In 1867, Siemens made a 
mercury lamp which had a vibrating electrode dipping into a mercury cup The light 
of this lamp was, however, of an intermittent nature. Siemens’ idea was to employ 
this lamp for lighting buoys at sea, but apparently the device was never used for this 
purpose. The next attempt to produce a mercury lamp appears to have been made 
in 1875 by Prosser. It was a combined carbon and mercury lamp, the object being to 
overcome flickering, which was an unpleasant feature of the original arc lamps. Among 
the various other attempts to produce a satisfactory lamp must be mentioned that of 
Rapieff in 1879. This lamp contained a condensing chamber for the mercury vapor, 
and could be started by shaking the mercury or by an electro-mechanical arrangement. 

In 1892, Arons showed that an arc could be produced by passing a direct current 
through mercury in an evacuated tube. The Arons lamp, which was five feet long, was 
started by tilting and, therefore, must have required a very large quantity of merairy. 
According to Axmann,* the later types of mercury vapor lamps are based on Arons’s 
investigations upon low^-pressure arcs. Thus, in 1892, Dowsing and Keating made a 
lamp in which an alternating current was passed through a Geissler tube containing 
mercury. They fotind it advisable to warm the mercury in order to vaporize it before 
starting the lamp. 

The object of most of the early workers was the production of a lamp for visible 
illumination. The first lamp to attract attention in this connection was one displayed 
by Peter Cooper-Hewitt before the American Institute of Electrical Engineers at a 
meeting in April, 1901.® This lamp, the result of long experimenting, is said to have 
been installed first in the composing rooms of the New York Evemyiq Po^f in 1903. 
Many practical difficulties, such as the inherent instability of the arc, changes in 
mercury vapor pressure with operating temperature, and distillation of the mercury 
from certain portions of the lamp, were encountered. Cooper-Hewitt later devised 
a lamp in which the mercury was cooled and condensed at about the same speed as 
that at which it vaporized. 

The development of the lamp as an illuminating source for factories and drafting 
rooms lies beyond the scope of this book, except insofar as modifications have been 
successfully applied to the mercury arc in a quartz tube employed for ultraviolet 
emission. The reader interested in the development of the Cooper-Hewitt lamp, 
which is a long arc operating at a low mercury-vapor pressure, should consult the 
articles by Buttolph ^ of the Engineering Department of the General Electric Vapor 
Lamp Co. He points out that during the years 1902-07, the condensing chamber 


1 P«rkin, F. M, Trans. Faraday ^pi , 6, 199 (191 1). 

• Axmanti, Z, Phvs. diatcHtrhr Ther , 13, 470 (1909 10) 

•Buttolph, L J, Tfans EUctrorh^m Vor , 143 <1934). 

* Buttolph, L. J., Gen Elec Rev ^ 23, 741, 85S (1920), Rev^ Set. Instruments, 1, 487 (1930)' 

Trans. Blectrpchetn Sac., 65 (1934), 143. Trans Ilium Ena , Preprint, 1932; 30, 147 (1935)’ 
(Sec aT'»o, Ferguson. J B., “The Quartz Mercury Vapor I.amp“ London I.ewi* and C^o . l!td * 
iptS8d Pierce, R F, JUuminaimg Engineer, 6, 133 (1911). ’’ 
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was ataudardized, iron was adopted as the positive electrode piaterial, and an ante- 
malic starting device was introduced. Between 1907 and 1910, a commercial form 
of alternating current lamp was developed, and in the latter year a fluorescent 
reflector was put on the market. During the succeeding period a so-called ortho- 
chromatic lamp and a quartz mercury lamp were developed, and the problem of 
operating the itemating current lamp on a high power factor was solved. 

Use as a Polariscopic Source. About the earliest use adopted by the 
chemist for the mercury arc was as a source of light for work with the polariscope 
and other optical instruments.® At present, the tendency is to employ any usual 
laboratory quartz mercury arc for this purpose. Naumann finds the intense light 
of the modern mercury lamp to increase the accuracy of such work from two to 
three times. 

Arcs started by tilting have the disadvantage of requiiing a readjustment of the 
slit of any fine optical apparatus after having been put into operation. To avoid 
this, Harries and v. Hippel ^ devised a bright, automatic starting arc which burns 
in any position. In a lamp possessing such an arc, a heating element produces 
a bubble of vapor which breaks a column of mercury in a capillary, thereby starting 
the arc. Such operation was based upon a lamp developed by Soltan ^ but differed 
in having an extension vessel which permitted the arc to be operated in any 
position, as well as in having an automatic starting device. The use of a narrow 
tube and high pressure made the usual operating current of the lamp, run at 110 
volts, only 150 milHam|>eres. 

Since lines in the visible region are commonly employed in polarimetry, a 
quartz arc is not necessary. A compact glass lamp of high intensity, steady 
operation and suitable for many optical investigations has been described by 
B^liiikin and Wells.® It is a two-legged tube, the lower legs containing the mer- 
cury electrodes of unequal heights, the positive being the higher. A vertical tube 
above this serves as a condensing chamber. Constrictions in the lower limbs 
serve to retain mercury in the lower portions when the lamp is lilted for starting 
and so prevent the arc striking to the sealed in tungsten wires, overheating them, 
blackening the walls or cracking the seal, A ballast resistance is used to keep 
about one ampere at 35 volts across the terminals. Part of this resistance is cut 
out during the first half minute after the lamp has been started by tilting, so that 
for a brief period the newly formed arc carries three amperes. 

Simple Arcs Developed in the Laboratory for Photochemical Studies. 
That the mercury arc might prove a valuable source for studying photochemical 
reactions in the ultraviolet were it enclosed in quartz soon became apparent. Such 
lamps were manufactured by Heraeus of Hanau in Germany as early as 1905 but, 
because of the expense of the quartz tubing, they remained laboratory curiosities 
for several years. As silica tubing became available, such lamps were used occa- 
sionally in a few laboratories. Recently, a number of workers liave resumed 
investigations with laboratory-made quartz mercury arcs. 

Among the first to employ a mercury arc as a source for effecting photochemical 
changes was Fischer,^® who used it in studies on the formation of ozone. He 

®Pi8ch, J., Ann, Phys., l2, 1155 (1903); Schonrock, O., Z. Verein, Deutsch. Zuckerind., 53, 652 
(1903); Lowry, T. M.. Trans. Fmaday Soc., 7, 267 (1912). 

« Nautnann, H, N., Bwchem, Z., 129, 269 (1930). The Oaiam hjgh pressure mercury lamp is a 
satisfactory source for ultramicroscopy, according to K. Hoffmann, Kolloid Z., 83, 9 (1938). 

■’^Harries, W., and v. Hippel, A., Physik. Z.j 33, 81 (1932). 

^SoUan, A., Compt, tend. Pot. Phys., 4, 301 (1929). 

^llalinkin, X, A., and Wdls, D. A., Rev. ScL Instruments, 3, 388 (19J2). 

50 Fischer, F., Bcr., 38, 2630 (1905). 
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fixed an exhausted double-walled quartz; cylinder B (Figure 27) with sealing wax 
into the neck of a surrounding cyHndricd glass vessel A, connected with an air 
pump by the tube F. The anode consisted of an i|nn ring K, surrounding the 
quartz cylinder and suspended by means of two platinum wires fused into the walls 
of the glass vessel. Mercury in the bottom of the latter served as cathode. The 
lamp was operated at 20 volts and 5 amperes, and was started by means of an 
induction coil. Arrangements were made to cool the lamp both internally aUd 
externally, so that the temperature in the interior of the lamp was kept down, thus 
maintaining a low density of the mercury vapor. 


Figure 27. 

Fisher's Lamp for Formation of 
Ozone. 



Chapman, Chadwick and Ramsbottom^^ employed a similar principle in effect- 
ing gas reactions in a quartz bulb (Figure 28) enclosed in a glass mercury lamp 
in which the cathode was a pool of mercury and the anode a short cylinder of iron 
suspended in the upper part of the exhausted glass container. A somewhat more 
complex lamp, although very similar in principle, was used by Coehn and Becker 
in their work on the oxidation of sulfur dioxide. (Figure 29.) The lamp consists 
of a glass vessel (4) in which the double-walled quartz vessel (2 and 3) is placed. 
A mercury seal is used at the top of the vessel (4). The lamp is located in the 
water-jacket or cooling vessel (5). To make the burning uniform a magnet (M) 
is placed in a glass tube in the lamp as shown. A quartz tube (1) is inserted m 
the vessel (2) through which gases may be passed by means of the inlet and 
outlet tubes (G). 

Weigert^^ bent the arc tube into a U-shape, and arranged the apparatus for 

’^Chapman, D. L., Chadwick, S., and Ramsbottom, J. E., J, Chem, Soc., 91, 945 (1907). 
w Coehn, A., and Becker, H, Z, physik. Chem., 70, 90 (1910); Z. Elektrochem,, 13, S45 (1907). 
wWeigert, F., Z. physik. Chem., 80, 67 (1912). 
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water cooling so as to avoid the effects of heat (from the lamp) on the reactions 
under investigation. He surrounded the lamp by the reacting gases, the vessel 
containing them being in turn immersed in the cooling water. (Figure 30.) A 
mercuiy arc was formed in the inverted U-tube B between surfaces of mercury 
El and E 2 , electrical connection being made at and K 2 . The apparatus was 
rnotmted in a watertight casing having a quartz plate serving as a window if 
external exposures were to be made also. 
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b>oI«gicaI experiments! these were not 

** to suit particular require- 

meats. Figure 31 shows a simple form based upon a lamp made by Kraus. A is 



a quartz tube one centimeter in diameter. One end is bent downward to form the 
positive electrode C. A ejuartz tube of the same diameter is sealed in, near the 
other end, to form the neg^ative electrode B. The distance between B and C is 
about 10 cm. The end of the tube A forms a condenser. The lamp is sealed, after 



exhaustion of gases at H. The tube A should be inclined to the horizontal position 
at an angle of 6° to 7^, the end (J) being higher, so that the condensed mercury 


W, T., 7. Biol. Chem., 20, 315 (1915). 
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will flow back into C* Pieces of five-millimeter quartz tubing are sealed to the 
lower ends of B and C. These in turn are set in mercury cisterns F,F (made of 
glass) ; test tubes may be used. The small tubes are sealed at E. The detail of 
the seal is shown in Figure 32. A bulb of wax on the outside is necessary in order 
to make the seal air-tight. The iron wire D conducts the electric current through 
the wax seal. The lamp should be used on a 110 volt direct-current circuit with 
five or six 16 c.p, bulbs in multiple as resistance, and will carry from 1.25 to 1.5 
amperes, depending on the amount of cooling at the electrodes B and C. 

Hulbert has described a simple laboratory lamp made of Pyrex or quartz, so 
designed that the seals for the electrodes and for the stopcock (through which the 
lamp is exhausted) can be made of wax. It will run normally for twenty hours 
or more before it requires re-exhausting. Another easily constructed lamp is due 
to Allen.^® 


5 ^’ 
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Figure 32. 

Construction of Seal. 


Arcs in glass with thin Pyrex windows, which were almost as efficient as quartz 
in transmitting ultraviolet, were described by Sonkin as inexpensive substitutes 
for the quartz mercury arc for spectrograph ic purposes. An apparatus for the 
production of radiations useful in accelerating the synthesis of formaldehyde from 
carbon monoxide and hydrogen has been proposed by Spindlcr.^® It involves the 
production of very hot arcs in mercury vapor at a pressure of several hundred 
kilograms, in a special steel furnace. Quartz or fluorite windows arc provided. 

The Development of the Commercial Quartz Mercury Arc 

Fundamental investigations of the operation of the mercury arc were early 
conducted by Kiich and Retsch insky of the Heraeus firm at Hanau in Germany, 
about 1905 to 1907. Shortly after this, that firm manufactured a quartz mercury 
arc. The Cooper-FIewitt Co. began the manufacture of quartz lamps about 1910. 
During the early developmental period the problems to be solved concerned chiefly 
the nature of the electrodes and their function, the making of satisfactory seals 
for the electrical leads, the mechanism for starting the arc, the instability of the 
arc, and the relation of the pressure of the mercury vapor to the energy distribution 
and intensity of the radiations emitted. 

«H«lburt, E. Om opt. Soc. Am., 12, 519 (1926). 

10 Allen, A. J.i Science, 83, 336 (1936). 

wSonkin. S., /. Opt. Soc. Am., 19, 65 (1929). 

H., U. S. P. 1,880,333, October 4, 1932. 
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Nature of the Electrodes 

1. Lamps With Both Electrodes of Mercury* As the early arcs were a 
direct outgrowth of the carbon or iron arcs, it was usually felt necessary to have 
both of the electrodes pools of mercury. The arc was formed by so tilting the lamp 
as to make a mercury contact between the two pools and then in some manner 
breaking the colunm of mercury, the newly formed arc driving the mercury back 
into the pools in the electrode vessels. 

Such lamps required elaborate temperature control by means of metal heat- 
radiating fans to maintain the proper distribution of mercury between the elec- 
trodes, or else it was necessary to introduce a suitable condensing chamber for 
the mercury. Bachmann^^ claimed the elimination of this difficulty by using an 
anode of metal or alloy, the surface of which is amalgamated anew from time to 
time by means of mercury supplied from near the electrode, 

Kent and Lacell equalized the anode and cathode temperatures by bending 
the quartz tubes so that the electrodes were adjacent to each other. This was 
believed to prevent distillation of mercury from the hotter anode to the cathode, 
thereby extinguishing the arc. Bcllcaud and Barrollier-^ used a heat conductor 
surrounding the electrodes to equalize their temperatures. They^*-^ described a 
lamp to be immersed in a liquid to be sterilized, in which the cathode was screened 
from the liquid so that it was permitted to reach a temperature equilibrium with 
the anode. The mercury at the cathode automatically adjusted itself to a height 
favorable for operation depending upon the characteristics of the tube and the 
supply current. 

There seem to be no direct early determinations to show whether the anode is, 
indeed, hotter than the cathode. In the lamp of Kelvin, Bottomley and Baird, it is 
the cathode which is cooled by aluminum radiating fans. 

Von Recklinghausen described elaborate methods for ensuring the proper 
distribution of mercury in lamps having a series of electrodes, now seldom 
employed. 

To avoid the danger of breakage by mercury “slaps’" during transportation of 
the lamp, von Ttirkeiiburg filled the entire burner with mercury. During opera- 
tion, mercury is displaced by the arc into a deformable anode receiver of rubber, 
provided with adequate cooling arrangements. 

2, Lamps with Anodes of Other Materials. It soon became apparent that 
these difficulties might be avoided by using other materials for the anode. An iron 
anode was proposed by Fischer for the lamp previously described. Tian made a 
lamp of a tube of transparent quartz through the center of which an insulated iron 
wire passed making contact with a drop of mercury (the cathode) at the bottom. 
The anode was a small iron cylinder. Ordinarily, direct current was used, but 
alternating current could be used if the anode was made double, f.c., of two plates 
separated by a sheet of mica. This form of lamp had the advantage, besides low 
voltage operation, of being of a shape convenient for immersion in liquids. An 

^Bachmann, R, German R 336,570, May 11, 1920; J. Soc. Chem. Ind., 40, 575A (1921). 

80 Kent, H. A., and Lacell, H. G., British R 21,834 (1908). 

^Belleaitd, R, L. M , and Barrollicr, J., British R 168,022, Dec. 10, 1920; 211,455, Jan. 25, 1924. 

“*Bellcaud, R. L. M., and Barrolher, J., U. S. R 1,656,898, Jxm. 24, 1928. 

von Reckhnghausen, M.. U. S. P. 1,091,244, March 24, 1914, and 1,110,574, Sept. 15, 1914. 

von Tiirkenhurg, F. R.. U. S. R 1,896,651, Feb. 7, 1933. 

»Tian, A., Compt rend., 156, 1063 (1913). 
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early Cooper-Hewitt lamp also employed iron as the positive electrode. Asada 
used a brine-cooled steel anode which extended into the interior of the lamp and kept 
the temperature from getting too high, even when the lamp carried 20 amperes. 

Carbon was employed for this purpose by Axmann and by Kerschbaum,^® the 
latter using nickel-steel pins to bring in the current. Perkin mentioned the use 
of a tantalum button, in conjunction with mercury, for starting. 

Because of its high melting point, tungsten was employed as anode by Urbain> 
Seal and Feige.®^ It was then necessary to avoid even the smallest trace of oxygen 
or the walls of the enclosing vessel became darkened because of the production of 
Volatile Oxides. The use of tungsten was adopted in the lamps of George and of 
Nutting.®® 

Sealed*in Leads. In order to produce vacuum-tight joints between the 
ieadlng-in wires and quartz, Heraeus proposed to use wires of iron or other metal 
having a temperature coefficient of expansion considerably greater than that of 
quartz. The diameter of the wire was to be such that the joint remained vacuum- 
tight at the highest anticipated temperature, the joint being reinforced by cements 
which melt at such a temperature. It was stated that an iron wire of 0.5 mm. 
diameter affords a vacuum-tight joint in quartz-glass at a dull red heat, and wires 
of 0.9 mm. diameter may be heated to 360° C. without the joint leaking. 

Data on the expansion of fused quartz for temperatures up to 1000° C. were 
given by Holborn and Henning who found that the mean increase of unit length 
for a rise of 1° is 0.00000054, Anderson®® pointed out that Invar (an alloy with 
nearly the same coefficient of expansion as quartz) leads are unsatisfactory, since 
Invar melts below the fusing and working temperatures of quartz. ( )f other avail- 
able metals, tungsten and molybdenum (coefficient of expansion 4.2 x 10“®) are 
nearest to the thermal expansion of quartz, but molybdenum seals arc only prac- 
ticable in the case of very fine wires capable of carrying no more than one ampere. 
It was found that the tungsten seals which had been recommended by (jcorge could 
not be used. Lead or mercury seals had been described by the Thermal Syndicate. 
Anderson developed a method of working the quartz shell onto a core of a metal 
(tungsten, molybdenum, tantalum, platinum) of thermal expansion less than 
9.0 X 10“® and melting point higher than that of fused quartz (1750°C.), in which 
heat was applied to one end while the other was evacuated. The joint was tight at 
only one end; the slight space at the other was filled with a mixture of hydrocarbons. 
These must adhere to both surfaces and not absorb water or gas, must have a 
low vapor pressure and change slowly in viscosity with temperature. A mixture 
of coal-tar pitch and residues of petroleum distillates, having a viscosity at 100° C. 
of 2000 dyne-seconds per square centimeter, was suggested.®® 


^ ElektroUchnische Z,, 26, 941 (1905). 

»» Asada, T., Proc. Phys.-Maih. Soc, Japan (S) 12, 167 (1930); Chem. Abs., 25, 254 (1931). 
Axmann, BlehtTot 0 cknische Z,, 26, 627, 1182 (1905). 

Kerachbaum, F.. U. S. P. 1,118,868, Nov. 24, 1914. 

Perkin, F. M., Tram. Faraday Soc., 6, 199 (1911). 

Urbain, E., Seal, C., and Feige, A., Compt. rend., 152, 255 (1911). 

George, H., U. S. P. 1,398,545, Nov. 29, 1921; J. S. C. I., 41, 49A (1922). 

*« Nutting, P. G., U. S. P. 1,320,087, Oct. 28, 1919, to Westingbowse Electric and Manufacturing 
Co.; 39, 8A (1920). 

Heraeus, German P. 336.014, Sept. 24, 1918; /. Soc. Chem. Tnd., 40, 574A (1921). 

WHoIbom, L.. and Henning, F., Ann. Physik, 10, 446 (1903). 

•« Anderson, W. T., U. S. P. 1,909,797, May 16, 1933 (to Hanovia Co.). 

Anderson, W. T, U. S, P. 1,986,784, Jan. 8, 193S. 


•® See also British P. 356,056, Sept. 3, 1931, to Hanovia Co. for detailed discussion of a scaling 
arranirement. The use of rhodium coatings for the material to be sealed into quartz has recently 
licen projpoaed by Harris, N. L., and Pyde, J. W., U. S. P. 2,113,984, April 12, 1938; British P 
477i4^, W 30, 1937; Chem. Abs.. 32. 4299 (1938). 
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Lamps of the tungsten anode type may also be nude by sealing the tungsten into 
g^asSi Nonex glass (coefficient of expansion, 3.9 X 10-®), which is then united 
to the qmrtz tube by a graded seal, employing Pyrex <3.2 X 10“®).^® Keyes and 
Krau;8 described new glasses available for making graded seals for this ptirpose. 
They contained various proportions of titanium and vanadium oxides, as well as 
boron oxide. Successive rings cut from tubes of these glasses wCre fused onto the 
silica tube. In the earlier lamps employing complicated seals, overheating of the 
vseals had to be avoided by the use of metal radiating hns. A general discussion 
of such joints has been given by Buttolph.**^ An ingenious method of sealing the 
annular ring guards at the anode and cathode of the silica tube so that they will be 
snug at the operating temperature of 400®C., and still not crush the silica tube on 
cooling, has been described by him in a patent which must be consulted for details.'*^ 

Methods of Starting the Discharge. Most quartz mercury arcs with either 
both electrodes or cathode only of mercury are started by tilting the lamp to form 
electrical contact by liquid mercury between the electrodes. Then, on again tilting 
the lamp back to its former position, the contact is broken and the arc is formed. 
Such a method was adopted in a water-cooled lamp of the Heraeus type used by 
Foster in 1906.^* 

Parisi describes a mercury arc enclosed in a two-by-five-inch quartz bujb, 
equipped with an Edison socket, for operation on an ordinary direct-current lighting 
circuit. The lead-in wires, equipped with special mercury seals, are connected 
through wire resistance coils separated by quartz slabs, to two half-inch pools of 
mercury in separate enlargements at the base of the lamp bulb. The lamp is started 
by tilting. The coils then become incandescent, heat the mercury vapor, or retard 
its condensation, and thereby add to the intensity of the ultraviolet emitted. 

The design of certain proposed forms of the mercury arc lamp precluded the 
ordinary method of starting by tilting, and a number of ingenious, but relatively 
seldom employed, starting devices have been suggested. An electromagnet served 
to bring an iron anode into contact with the mercury cathode in one type of lamp 
developed by the General Electric Co. as well as in that devised by Hulburt.^® In 
the lamp of Gallois,^® mercury in the initial position 611s the quartz illuminating 
tube. When the current is applied, a coil attracts an armature connected by a rod 
with the tube, and turns the latter on its axis about 40°, whereby, in consequence 
of the shape of the tube, the mercury is divided into two portions and an arc is 
formed across the intervening space. 

At one time, Buttolph proposed to seal the arc tube to the leads by the mercury 
itself, the ends of the arc tube being extended into mercury-611ed boxes. By means 
of pistons, the mercury could then be forced into the tube to form a contact and 
start the arc.^^ 

Ulbrich uses a wall to partly separate the anode mercury from the tube space; 

Sec also GoUstein, E., British Patent Application (void), 290,632. 

Keyes, F. G., and Kraus, C. A.. U. S. P. 1,014,757. 

« Buttolph, L. J., /. Opt. Sac. Am, U, 549 (1925). 

Buttolph, L. J., British P. 376,686, July 14. 1932. 

"Foster, G. W. A., J. Chem. Soc., 89, 913 (1906). 

"Parisi, M., U. S. P. 1,954,888, April 17, 1934; 1,960,503, May 29, 1934 (to Goldberg, I.). 

"Hulburt, K. O., U. S. P. 1,907,386, May 2, 1933. 

" Galloift, J., Bull. soc. cncour, ind. nat. 121. 

"Buttolph, t. J., U. S. P, 1,831,998, Nov. 17, 1931. 

" For special means of facilitating the starting of alternating current arcs, see Asada, T., J. Inst. 
Elect, Bnff., (Japan), 51, 53 (1931): Steinraann, A., British P. 356,3.55, Sept. 10, 1931: Matoiich, R., 
U. s. P. 1,750,482; feperti, G., U. S. P. 1,889,079, Nov. 29. 1932. 

•Ulbrich, W., U. S. P. 1,694,836, Dec. 11, 1928. 
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from ttie wsnU, one or more fine tubes extend the length of the tube, but are located 
outside of the luminous band. On tilting the lamp, mercury passes through the 
fine openings, so that it reaches the cathode from the end of the tube in a fine stream 
or streams. The use of the latter in starting avoids a sudden onrush of mercury, 
which might extinguish the newly formed arc, on restoring the arc to its normal 
position. 

The lamp of Kent and Lacell was started by electrically heating a small coil 
of wire placed around the arc tube. When started, the current was automatically 
cut off from the heating wire. This lamp, which was not evacuated, was burned 
on a 500 to 1000 volt circuit, and was extremely powerful. Preheating coils, which 
vaporize some of the mercury in about a minute to form contact with the anode and 
start the arc, have been used in various lamps. Their use also shortens the build-up 
period during which a steady ultraviolet intensity becomes established. A number 
of patents describe such devices.®^ 

Electrical Starting Devices. For large-scale installations, for arcs of 
peculiar design to meet special irradiation conditions, and particularly for the long, 
low-pressure Cooper- Hewitt illuminating apparatus, the arc is usually formed by 
special auxiliary electrical equipment. In each instance there are involved, accord- 
ing to Buttolph,®- who has reviewed the subject in detail, both the formation and 
maintenance of a hot spot on the cathode surface and the coincident ionization of 
mercury vapor between the electrodes. 

With some types of arcs, the initial resistance was overcome by the aid of an 
induction coil, but this is usually impractical for large industrial arcs. In certain 
cases, however, in which the cathode spot has been formed and maintained by a 
small local arc to an auxiliary anode, or in which independently heated Wehnelt 
cathodes (see Chapter 8) are used, ionization of the vapor through the arc tube 
may be brought about by small Ruhmkorff coils of the kind commonly used as leak 
testers in high vacuum work with glass apparatus. 
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Figure 33. Circuits for Starting Mercury Arcs (Buttolph and Dana, 
Review Scientific Instruments)^ 


Buttolph and Dana state that the use of the operating reactance as a source of 
induced high voltage for arc starting (Figure 33, A) was described in patents applied 
for by Peter Cooper-Hewitt in 1900 to 1902. At this time the “inductance coir’ was 
generally placed in the circuit adjacent to the arc anode, with an electrolytic inter- 
rupter or magnetically operated coil switch in multiple with the arc tube. Resistance 
in series with the interrupter switch kept the current sufficiently low so that it could 

«>Kent, H. A., and Lacell, H, G., British P. 21,834 (1908); Perkin, F. M., Trans. Famday Soc., 
S, 199 (1911). 

. S. P. 1,886,400, Nov. 8, 1932; 

Buttolph, L. J., Rev. Sci^ Instruments^ 1 , 498 (1930). 

Buttolph, L. J., and Dana. D. W., Rev. Set. Instruments, 4, 206 (1933). 


n Thompson, A., U. S. P. 1,962,106, June S, 1934; Hulctt, M., U 
Blake. G. J., and Leadbcttcr, a, British P, 294,288, July 23. 1928. 
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be handled by the switch. The inductance of the lead wires, the capacity of the arc 
tube and the switch arc as indicated in the functional diagram B, constitute an ele- 
mentary oscillatory circuit receiving its energy from the inductance coil. Such a 
circuit has a very high frequency and low efhciency. The effectiveness of the circuit 
depends upon the effectiveness of the interrupter switch, called a shifter. A high 
capacity mercury interrupter, originally devised by Hewitt to take the place of the 
generally used spark-gaps in high-frequency generators, was adapted by Thomas 
for use as a shifter switch in a starting circuit schematically shown in diagram C. 
When the apparatus is connected with the supply line, current flows through the 
auxiliary circuit, and the magnetic field of the inductance rotates the shifter switch 
forming a transient unstable arc in it. The resistance in series with the shifter is of 
an amount wliich makes the current too small to maintain the cathode hot spot. 
Furthermore, the stability of the shifter arc is decreased by the condenser between 
the mercury in the main arc and a tin-foil coating on the outside of the mercury 
chamber. When, after about 0.05 second, the arc is extinguished, the energy of the 
inductance is delivered as a single steep polarized wave-front impulse which tends 
to induce a negative potential of several thousand volts on the mercury cathode of 
the main arc. From an irregularity in the surface of the mercury formed by a 
coating of carborundum crystals fused into the glass, a localized discharge passes 
into the gas space and starts the main arc.®® 

Inert gases are also used in starting arcs. At first they were employed to strike 
the arc by breaking the mercury column wdien pumped into the lamp by some suitable 
arrangement. 

In general, however, they serve as conductors through the discharge space until 
enough mercury has been vaporized to carry the arc. Bayle, Fabre and George 
found that a direct-current, quartz mercury lamp containing argon at a pressure of 
500 mm. of mercury, strikes instantaneously on application of the voltage and 
relights automatically if the arc should happen to be extinguished. Geffcken and 
Richter®® believed argon the most suitable noble gas to use for this purpose. (See 
also Chapter 8.) 

The Pressure of the Mercury Vapor. Various methods for improving the 
vacuum or for exhausting the lamp space have been described.®® During the 
earlier development of the Cooper-Iiewitt and other commercial arcs, it was gen- 
erally believed that to produce a stable arc, a low pressure of mercury vapor is 
essential. Kent and Lacell,®^ however, recognized that increased pressure is not the 
cause of the instability of the arc. Evidence in favor of the use of a higher mercury 
vapor pressure was afforded by Henri in experiments which demonstrated that the 
ultraviolet radiation from a mercury vapor lamp becomes more intense as the tem- 

Pierce, G. W, Pfoc. Am. Acad. Set., 39, 389 (1904). 

»»Thora.'is.. P. H., U. S. P. 1,079,380 (1906). 

®*Fot details of means for securing mercury surfaces effective for starting, see patents of Winning- 
hoff, W. J., U. S. P. 1,831,985-6 (1931) and 1,971,945, Aug. 28, 1934; British P. 288,737, AprU 19, 
1928. Another description of an electrical starting mechanism is given by the Schering-Kahlbaum, 
A.-G., British P. 364,356 and 364,393. 

Bayle, E., Fabre, R., and George, H., Bull. Soc. Chtm., 37, 89 (1925); Rev, d*optiqm, I (1925). 

Geffcken, M., and Richter, H., British Patent Application (void), 267,127. See for a limitation 
of the proportion of rare gas, N. V, Phillips’ Gloeilampenfabrieken, British P. 474,192, Oct. 27, 1937: 
Chm. Ahs., 32, 2854 (1938). 

von Recklinghausen, M., U. S. P. 1,110,576, Sept. IS, 1914; Thompson, W. P., British P, 28,737, 
Dec. 20, 1911; Chem, Abs., 7, 1846 (1913); Helbronner, A., and von Recklinghausen, M., British P. 
14,129, June 10, 1910. 

«Bovic. W. J. Am, Chem. Soc., 37, 1721 (1915); Waran, H, P., J. Sci, Instruments, 1, 54 
(1923). 

"Kent. H., and Lacell. H.. British P. 21,834 (1908). 

V., Compt, rend., 153, 426 (1911). 
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ptiratur^ of the lumioous ttibe is allowed to rise* By cooling the tube with water, 
the tadiation was found to be fourteen times less powerful than with air-cooling, 
the same number of watts being consumed A number of lamps were introduced in 
which the mercui7 vapor pressure was atmospheric or greater. These included the 
Cornu type lamps, the Kelvin, Bottomley and Baird lamp and others.®^* Bernhardt ^ 
built a mercury lamp which burned in carbon dioxide of up to 650 atmospheres 
pressure and carrying 400 amperes. 

The U-shaped lamps of which mention has been made probably owed their 
greater relative output of ultraviolet rays to a higher vapor pressure of mercury due 
to a lessening of the cooling of the adjacent mercury electrodes rather than, as had 
been thought, to an altered distribution of mercury. The bent tubes of such lamps, 
however, tended to deteriorate or become opaque since the arc in making the bend 




Figure 35 


does not follow the shape of the tube. Instead, as indicated by the dotted line of 
Figure 34, it tended to approach the side of the curved portion of the tube nearest 
the cen^ curvature, subjecting it to an extremely high temperature. To 
counteract such destructive action, this portion of the tube was made of increased 
thickness or projections (Figure 35) were added to divert the arc stream.®*^ Von 
Recklinghausen also described methods of prolonging the life of his lamps by 
lining the portion near the hot cathode spot with a highly refractory material such 
as '^titanium zircon quartz.” 

Commercial Mercury-vapor Arcs (Mercury Cathode Type) 

Modern commercial mercury-vapor lamps with mercury cathodes are of two 
main types, those having a mercury anode and those having an anode of tungsten 
or other metal. The first is built along the lines of the Heraeus lamp. The Hanovia 
quartz mercury arc lamp. Figure 36, consists essentially of three parts, the tube 
through which the arc plays, the anode vessel and the cathode vessel. The current 
is carried to the lamp through nickel rods ground into the side tubes of the electrode 

«U. S. P. 1,343,037; British F. 129,022 And 129,702; 7. Soc. Chem. Ind., 622A (1919); Betle- 
mani, G., Bull. soc. eurour. ind. not., 133, 254 (1921); Chem, Abs>, 15, 21fe3 (1921); bUmtnreioh, H., 
Natwrwiss., 12, 744 (1926). 

Bernhardt, F., Physik. Z., 27 , 713 (1925). 

von Reckimtjhausen, M., Hdbronner, A., and Henri, V., U. S. P. 1,176,481, Aug. 29, 1916; 
1,271,246, July 2, 1918. 

«« von Recklinghausen, M,, U. S. P. 1,188,58^, June 27, 1916. 

Hanovia Chemical and Manufacturing Co. (A more recent type is discussed In Chapter 8.) 
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vessels. The ground-in joints are sealed with mercury. Small quartz tubes are 
used in the electrode vessels to avoid "hammeringr” of the mercury. The ligteing 
of the lamp is effected by turning the lever slowly around from position to position 
so tliat a stream of mercury flows from anode to cafhode, making a short circuit 
between the two poles. On breaking the stream, the arc is struck, and the level 
must be brought to its original position to allow the mercury to flow back into the 


Figitrb 36, 

Hanovia Lamp for Direct Current. 


Courtesy Hanovia Chemical and Memufacturing Co,) 



anode vessel. After lighting, the lamp may be turned again by the lever into a 
vertical position in which it can be continuously used. The arc may be used end-on 
in a horizontal position by viewing it from the anode end, or in a vertical position 
from above. On 220-volt lines the lamp may be burned at all potentials between the 
electrodes from 25-185 volts by means of a variable resistance of 55 to 95 ohms 
(depending on the type of lamp) connected in scries; on 110- volt lines at all 
potentials from 25-80 volts by means of a variable resistance of 25 or 40 ohms. If 
the lamp is not required to burn at low voltages, resistances of 30 or 50 ohms and 
of 12 or 20 ohms suffice. At low potentials the arc or electric discharge fills the 
whole cross-section of the tube. With increasing potential, the cross-section of the 
arc diminishes more and more, and forms eventually a thread of some five milli- 
meters diameter. The specific intensity of the visible and ultraviolet radiation is the 
same, and the economy equally as good in 1 10-volt as in 220- volt lanips. With con- 
stant external conditions the light exhibits a desirable degree of constancy. The 
Hanovia vapor lamp is also made for operation on alternating current, the difference 
in construction being that for this current it is necessary that there be two positive 
electrodes in place of the one ordinarily used for direct current. 

Problems concerned with the design of pole vessels and the use of constrictions 
between these and the luminous tube to prevent alterations in the distribution of 
mercury during operation, have been studied by the Hanau firm.®* By the use of a 
capillary at the anode, it is claimed that both vessels may be made of the same size 
and shape, and both may be completely filled with mercury. With alternating cur- 
rents, two anode vessels have condensing chambers and separate connections by 
tubes vidth the luminous portion are necessary, 

Anderson and Fraser®® stated that in such lamps the proper temperature is 
usually maintained by radiation from metallic fins. If the lamp became too hot and 
the vapor pressure too high, the current would drop to values insufficient to main- 
tain the cathode hot spot (which they believed to have a temperature of 2270° C.) 
and the arc would be extinguished. To avoid the necessity of using large volumes 
of mercury they proposed to immerse non-amalgamating metals of higher thermal 
conductivity such as wires, rods, meshes, tubes or plates of tungsten or molybdenum 

E 2S6,317, May 9, 1929. 

«*At)4er»Qt^ W. T., Jr., and Fraser, H. D., tl. S, F, 1,690,926, Dec. 13, 1932, Hanovia Co. 
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In the mercury in contact with the walls. Anderson described methods of reducing 
the si^se of the container to one-half or one-third its previous size. 

Water-cooled lamps are usually U-shaped, as in the case of those developed by 
Kent and Lacell Bird^^ designed a burner in which the effects of expansion of 
liquid mercury upon the positions of the two mercury levels were minimized, By 
dividing the anode pool by inserting a smaller tube within the anode tube, it was 
possible to lessen the effect of the temperature of the pool upon the vapor pressure 
of the arc. The small inner portion at a high temperature served as the terminal 
for the arc stream and the other, at a reduced temperature, acted as a receiver for 
the vaporized mercury, The cathode pool was believed to exert a smaller influence 
upon the vapor pressure than the anode pool. The area of the cathode pop! was 
made great by means of a bulb in order to lengthen the thermal path from the arc 
Stream to the wall. 

The anode*' type of quartz mercury vapor lamp, known as the ^‘Uviarc/* has 
no mercury chamber at the anode endJ^ jjj place of mercury, a tungsten target com- 
posed of a spiral formed of tungsten wire is used. The anode end is protected from 
mechanical injury by means of a metal cap which also serves to lead the current to 
the anode. The cathode end is reinforced with thick quartz to absorb the shock of 
the mercury vapor and is set at an angle which is claimed to reflect back into the 
luminous portion of the tube some ultraviolet rays which would otherwise escape. 
The cathode end is also protected by a metal cap through which the current is led 
to the mercury. The tungsten wire, serving to lead the current into the lamp, is 
sealed into the quartz tube by a graduated mixture of quartz and glass so that at the 
end there is practically pure glass, while the portion next to the quartz tube is prac- 
tically pure quartz. It is claimed that this combination of glass and quartz provides 
a proper coefficient of expansion so that the loss of vacuum is prevented. Having 
onJy one mercury electrode, this lamp is capable of being operated in either a vertical 
or horizontal position, which in certain cases is of advantage. A slightly different 
design is employed when tungsten anode (‘TTviarc”) lamps are intended to be run 
generally in a vertical or nearly vertical position. The change is principally in the 
construction of the cathode chamber. The Uviarc is a direct current device. It 
may itself function as a rectifier.’^*'* An alternating current Uviarc with double 
anode is made for certain applications. 

The development of Cooper-Hewitt lamps has followed two distinct courses 
for visible and for ultraviolet output. The original mercury arc has been developed 
as a long low pressure arc for illumination of industrial establishments. LeBlanc 
gave an early account of the construction, current consumption and efficiency of such 
lamps. Details of the more recent developments are to be found in the various 
articles of L. J. Buttolph cited in this chapter. 

Our present concern is not, however, with the low-pressure illuminating arc, 
but rather with the high-pressure quartz arc just described. A small high intensity 
arc eXabarc”), operating on 110 volts, either alternating or direct current, was 
described by Buttolph in 1922. In it the effective light zone was one-quarter by 
one and three-quarter inches. It was especially suited for employment with filters, 
as a monochromatic light source. It was then shown that by introducing suitable 

w Anderson. W. T., Jr, U. S. P. 1,902,936, March 28. 1933, to Hanovia Co. 

Bird, L. F., U. S. P. 1,952,306. March 27, 1934, to Hanovia Co. 

w Cooper-Hewitt Electric Co., now General Electric Vapor Lamp Co. 

’W Buttolph, L. J., Gen, Electric Rev., 13, 741 (1920). 

•T* LeBlanc, M, Electrical Rev, and Western Electrician, 57, 1248 (1910). 

^Buttolph, L, J„ J. Opt Soc. Am., 6, 1066 (1922). 
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resistance in series with the lamp it would function as a low-pressure arc giving only 
the strongest spectral lines, A detailed discussion of the operating conditions of 
the Uviarc is given in a following section, 

A number of recent patents have been concerned with lamps, developed for specific 
purposes and with accessories as cabinets, etc. Burners enclosed in hoods may be pre- 
vented from overheating by sucking the hot air away by an electric fan attaclied to the 
upper part of the hood. According to Cooper/** this results in a saving of power. A 
cabinet for an arc for liome use in therapy has been described by Link,'*'^ and a pre- 
payment * ‘coin-in- the-slot” time-switch control has been devised'^ for installations of 
the mercury arc in bath houses, therapeutic institutes and beauty parlors. 

Therapy lamps adapted for introduction into various body cavities have been 
described by Philip.’^ They emIxKly small U-tubes carrying the mercury arc, surrounded 
by a long, narrow quartz envelope with cooling water or gas. A number of other therapy 
arcs, not, however, adapted for introduction into orifices, designed by Nisbet*" involved 
modifications of structural detail and new combinations of previously described principles. 

To avoid the deposition of mercury on the luminescent part of a lamp intended to be 
submerged in water during use, Gourdon** located it in an evacuated vessel, the nipple 
of the luminescent part of the lamp passing through the wall of the vessel near the 
nipple of the vessel itself. This lamp was intended to be put to such curious uses as 
catching fish, maturing oysters and illuminating submarine operations. 

An assembly of base, pedestal, hood with lips, and applicators suitable for ultraviolet 
therapy, has been patented by Chcsiiey and Macl<agan.“ The Hanau firm‘d described a 
handle by which a therapy lamp could be carried about without danger of altering the 
distribution of the mercury. 

The Theory of the Operaiion of the Mercury Arc 

A. Electrical Conduction Processes. The general theory of the processes 
occurring in the arc has been treated in the previous chapter ; this section deals with 
those processes which are especially characteristic of the arc in which the predomi- 
nant conduction is by a mercury cathode and l)y mercury vapor in the space between 
the electrodes. Comparatively few investigations have been devoted to the nature 
of the manner in which the anode functions even in the case of the lamps of the 
Hanovia type in which the anode is mercury. As noted elsewhere, Compton has 
stated that the entire problem is concentrated at the cathode, as other processes, 
especially those in the plasma, have been essentially explained by the work of 
Langmuir and Mott-Smith,^''^ Tonks and Langmuir, Eckart and Compton, and 
Killian.«» 

1. The Conduction of Current from the Cathode. It was at first believed that 
the current was carried by electrons thcrmiunically emitted from the cathode,^® the 
temperature of which was then assumed to be about 2500*^ K. This had to be 
rejected when subsequent work showed that the cathode could not be hotter than 


Cooper, C. Am British P. 305,758, February 14, 1929. 

■HLink, D. Cm U. S. P. 1,668,566, May 8, 1928. 

Bar, N., v. Rccsey, N., and v. Recsey, British P 382,349, October’ 27, 1932. 

Philip, Gm British Patent Application (void), 298,903, October 15, 1928 
“ONisbet, J., British P. 248,796, March 11, 1926. 
s^Goufdon, G., British <P. 390,108, Match 30, 1933. 

8«Chesney, J., and MacLagan, H. P., V. S. P. 1,813,383, July 7, 1931, to McIntosh Electrical 
Corp. 

British P. 286,318, June 4, 1929. 

8* Compton, K. T., Pkys. RtftK, 37, 1077 (1931), 

88 Langmuir, I., and Mott-Smith, H, Cen, Electric Rett,, 27, 449.538, 616, 762, 810 (1924). 

*8 Tonka, L., and Langmtiir, I., P/iyjt. Ree , 34, 876 (1929). 

8*^ Eckart, C. H., and Compton, K. T, Phys. Rev., 24, 97 (1924), 

» Killian, T. J.. Phyj. Rev., 35, 1238 (1930). 

» Stark, Am. Fhynk, t2, 673 (1903). 
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<500® -800*^.®® Later calculations by Compton indicate the surface temperature of 

cathode spot not to exceed 200* C. 

Earlier observers, as Guntherschulzc,®^ gave large values for the rate of vapor- 
isation of mercury from the cathode, e.g., 72 x 10^^ gram per ampere per second 
The suggestion of Compton and van Voorhis that this was in part due to mechanical 
loss as spray was verified hy von Issendorfif, who found a corrected rate of less than 
0.3* L3x lO""® gram per ampere per second. Kobel®^ placed it at only 0.017 X l0~® 
an4 Nikiforov places it at only 0,4 milligram per ampere per second. This indi- 
cates but a minute loss at the cathode* These new data show that the vapor pres- 
sures at the cathode spot must be considerably less than the atmosphere or more 
assumed in the earlier literature. 

Slepian®® suggested that the current might t)e carried by positive ions arising 
from tjfiermal ionization of the vapor just outside the cathode ; Compton, however, 
objected that this theory failed to suggest a mechanism for the input of energy into 
the assumed high temperature region. The currently accepted theory is that of 
Langmuir*^ of ^'field currents'" due to a strong field concentrated at the cathode 
region. The minimum value of the field was calculated by T.amar and Compton 
to be at least 7,6 x 10^ volts per centimeter, Mackeown, assuming 5 per cent of 
the current to be carried by positive ions, calculates it to be 5 x 10'"* volts per centi- 
meter. If 1.3 X 10® volts per centimeter be assumed necessary to give the observed 
cathode current density of 4000 amperes per square centimeter, the cathode drop 
will occur within a distance of 10 ^ centimeter. Lamar and Compton consider it to 
occur within a space of less than 1.76 X 10"^ centimeter, and give the cathode poten- 
tial drop as about 10 volts (9.9 volts).®® An earlier value of only 5.27 volts ^®® was 
said to have been based upon the use of an erroneous probe method. Killian also 
found about 10 volts and Gaudenzi about 9 volts. Kommnick and Liihcke^®^'^ 
find quite similar values, so that the mercury arc must be regarded as a special case 
of a low voltage arc. It was even found possible by Hebb to maintain an arc in 
mercury vapor at only 1.7 to 18 volts although the 2537 line requires for its excita- 
tion (see below) 4.9 volts. Such an abnormal arc has been studied by Bar,^®® whose 
arc burned at 3.5 volts at 17S*C. Unlike the earlier abnormal arcs, this was not due 
to oscillations, but to some positive space charge maintained before the cathode. 
Reverse fields sometimes play a part."^®® 

After discussing in detail the attempts to determine from heat balance data the 

Mason, R. C'., Phys. Rev, 38, 427 (1931); Compton, K. T, and van Voothj's, C C, Proc Nat. 
Acad Sei , 13, 336 (1927); Cltompton, K. T., Trans, Am Inst. Elec, Bnff., 46, 868 (1927); Scehger, R., 
Physik. Z., 27, 37 (J926); Liibclce, E, Z tech. Physik, 10, 598 (1929). 

Compton, K. T., Phys, Rev, 37. 107 7 (1931) 

Guntherecbul 2 «, A., Z. Physik. 11, 74 (1922). 

»8Kobd, E., Phy^. Rev., 36, 1636 (1930), 

Nikifoiov, A. y , 7. Bxptl. Theoret Phys (IJ.S.S R ), 6 , 168 ri936); Chem Abs., 31, 14 (1937). 

»«SlcpTan, J., Phys. Rev.. 27, 407 (1926). 

Langmuir, I., Science, 58, 290 (1923); Gen. Electric Rev., 26, 735 (1923); see also Mackeown, 
S. S., Phys. Rev.. 34, 611 (1929). 

‘"Lamar, E. S., and Compton, K. T, Phy^. Rev., 37, 1069 (1931); see also Gvosdover, S. D., 
Physik. Z. Sotvj., 7, 274 (1935). 

Guntlierschulze, A., Z, Physik. 11, 74 (1922). 

»» Lamar, E. S., and Compton, K T., Phys Rev,. 37, 1069 (1931) 

Stark, J., Retschinsky, T., and Shaposchnikoff, A,. Ann Physik. 18, 213 (1905). 

Killian, T. J, Phys Rev., 31, 1122 (1928). 

Gauden.«», A, Brown-Boven Rev., 16, 30.3 (1929) 

'»«^Kommmck, and l.ubcke, E., Physik. Z , 33, 215 (1912), 

»>*Hebb. T, ( ., Phys. Rev., 16, 375 (1920), see aUo Yao, Y. T., Phys. Rev, 21, 1 (1920. 

iwPBar, R., Z. Physih. 3t, 430 (1925). 
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iractioTi of the ctsrtcnt carried by electrons and by positive ions at tiie catbodCi 
Compton concluded these to be futile since the range of certain quantities needed 
in the calculations was not known. It was, however, possible to show that the h^t 
balance may be made consistent with Langmuir's theory and with the known facts 
of ionization by making certain reasonable assumptions regarding the unknown 
fraction of energy returned to the cathode by unelectrificd carriers such as neutraj 
atoms in various energy states, or by radiation. 

The cathode spot moves rapidly on the mercury surface as it becomes conditioned 
and migrates to a neighboring spot where the mercury surface is contaminatt^d by 
impurities and where the electrons can be more readily extracted. The mercury 
surface becomes depressed and the electrons probably come from the irregular edge 
of the crater, which is then immediately depressed, due to the vapor pressure of the 
mercury, heated by the bombardment of positive ions at the cathode spot. This 
would also account for the rapid movement of the cathode spot, since the electron® 
always come from the edge of the crater, which is then depressed by the increased 
vapor pressure at that point. Tonks^^® described methods of preventing this 
unsteadiness at the cathode end of the positive column by the use of wires of certain 
metals, especially molybdenum, the cathode spot being limited to the line of wetting* 
From the spectral distribution of the radiations from such anchors, it was suggest^ 
that there might be a region of ‘'hot" ionized gas close to the cathode. Cravath 
studied the behavior of the mercury vapor arc with a jet of liquid mercury as 
cathode, but was unable to obtain a stationary cathode spot on the jet. 

It has been found that the mercury arc can be operated with the cathode frozen 
at "^70°C, the voltage being not much higher than that for the normal operation 
of the arc.^^^ Newman has also studied the operation of the mercury arc at 
liquid air temperatures, his experiments supporting the idea that the fraction of the 
current carried by electrons depends on the vapor pressure. The parts of the arc 
immersed in liquid air were not luminous, but there was a brilliant cathode spot. 

2. Conduction Processes in the Plasma. Little need be added heie to the gen- 
eral discussion of this topic given in the previous chapter. As in general in the 
ga.seous discharge, the tension, U, on the electrodes of a mercury arc is a linear 
function of the arc length I, i.e., U — in which A is the sum of the anode 

and cathode drops of potential and B is the voltage gradient in the arc. 
Pawlikowski found the mean velocity of all electrons to be constant through- 
out the whole width of the positive column, although in the immediate vicinity of 
the cathode two groups of electron velocities were noted. 

The theory of the striated glow discharge in mercury vapor was studied by 
Compton, Turner and McCitrdy,'^'*^ In this work, attention was drawn to the impor- 
tance of cumulative ionization in the striations. This concept has since been 
extended to the phenomena in the ordinary discharge. 

There have been many divergent statements in regard to the transfer of mercury 

Compton, K. T., Phys. Rev.. 37, 1077 (1931); Compton, K. T., and Langmuir, T., Rev Modern 
Physics, 2, 184 (1930). For other earlier attempts, see GuntherschuUe, A., Z, PliMtik, 31, 509 
(1^25); Secliger, R., Physik. Z., 27, 22 (1927); FJrktroteck. Z., 49, 8S.3 (1927); Compton, K. T., and 
vanVoorhiR, C., Proc. Nat. Acad. Set., 13, 336 (1927); v. Issendorf, T., Physik. Z., 29, 857 (1928). 
See also Gehrts, A., and Vattcr, Tf., j?. Physik, 79, 421 (1932), and Wetzel, W, Rompc, R., and 
Schon, M., Z. Physik, 112, 339 (1939). 
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Newman. F, H., Phil. Mag., 18, 607 (1934). 

»» Pawlikowski, J.. Acta. Phys. Polonka, 2, 59 (1933); Chem. Ahs., 28, 7155 (1934). 

Compton, K. T., Turner, L. A., and McCurdy, W. H., Phys. Rev., 24, S97 (1924). 



84 


THE CHEMICAl ACTION OF ULTNAVIOLBT RAYS 


between the electrodes of the direct-current arc. Perot, who made one observation 
of the changfe in mercury levels in an inverted U-arc, believed all of the current to 
have been carried by univalent mercury ions. Matthies,^^® however, found no mer-* 
cdry transfer other than that due to thermal processes and believed the conduction 
to be entirely electronic. Other workers took intermediate positions. Gunther- 
schulze^^® believed half of the current carried by electrons and half by ions and 
Schottky and von Issendorff,'^t7 that 80 per cent was carried by ions. The more 
recent calculations of Langmuir have shown that the positive ion current is not 
more than 1/340 to 1/605 of the electron current density. Tonks^^^ states that of 
the current carried by mercury ions 50 per cent is by doubly and 12 per cent by 
triply charged ones. 

Forbes and Leighton/^® using a lamp which was too hot to allow condensation 
of mercury to occur on the walls, found the ratio between the gram atoms of mercury 
transferred from the anode to the cathode and the faradays passing through the lamp 
to be sensitive to cathodic cooling and that mercury can migrate against considerable 
temperature gradients. Extrapolation of their results to the lowest voltage gradients 
and pressures indicated a minimal mercury transfer and an insignibcant role for the 
positive ions. But, as the voltage gradient and the pressure rise, the positive ion 
current appears to gain on the electron current. At five volts per centimeter, the 
ratio has reached five, almost irrespective of the current, and remains near that value 
up to 25 volts per centimeter and a pressure of three atmospheres. Elenbaas has 
discussed the theory of the gradient of the high-pressure mercury discharge. 

3. The Pressure in the Arc, Kiich and Retschinsky measured over twenty 
internal pressures in an arc 12 mm. in diameter. Between 3 and 18 volts per centi- 
meter, the pressure rose from 38 to 1500 mm., the current varying between 4.1 and 
5.05 amperes ; they gave, however, no quantitative correlation between the pressure 
and other variables. 

Forbes and Leighton,^ realizing that the electrical conditions depend on the 
resistance, pressure and the efficiency of air and water- cooling, presented graph's 
relating the pressure to the voltage gradient for arcs of 9 and 2 mm. diameter, 
(see Section on Constricted Arcs, Chapter 6) each carrying various currents. They 
concluded 

(a) The pressure is a function of the cross section, voltage gradient and current, 
but not of the arc length or the relative cathode and anode temperatures. 

(b) In spite of wide differences in the arc cross section and tlie current carried, 
the pressure changed about 140 mm. for a unit change in the voltage gradient, and 
the curves became nearly parallel at pressures greater than two atmospheres. 

(c) For a given lamp at constant voltage, the pressure is very roughly propor- 
tional to the logarithm of the current. 

(d) At low voltage gradients, the ratio of pressure to cross section for a given 
current strength is nearly the same for the constricted arc as for the normal arc, 
but at higher voltage gradients, the ratio is greater for tlie con.stricted arc. 
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(e) Had there beea an “anode pressarc" as suggested by Handwrger,**® and 
by Skaupy/^^ it would have been noted. 

4. Electrical Operating Characteristics of the Merca^ry Arc. The early knowl- 
edge of this field was summed up by Buttolph.^^’^ The following account is based 
largely upon his more recent accounts.^^^ 

On starting the Uviarc lamp, the vapor pressure is low, as the lamp is cool, and 
the current is high and the voltage low. The lamp requires a short time to reach 
normal operating conditions, depending upon the heat capacity of the mercury 
cathode and arc tube, and upon the initial arc energy. As the temperature rises, 
the vapor pressure and the voltage follow, while the current drops. Normal opera- 



Figure 37. Starting and Operating C urves of Vertical Uviarc (Buttolph, Review 

of Scientific Instruments). 


tion is reached when heat is radiated from the burner at such a rate that the vapor 
pressure no longer rises. In tlie upper left hand corner of Figure 37 the change in 
voltage and in current which occur during the first few minutes after starting are 
separately plotted and show clearly the way in which the arc comes to normal opera- 
tion. As the starting current and the final arc voltage are each determined by the 
series resistance, a family of starting curves for different values of the series resist- 
ance is given in the main portion of the figure. The locus of the terminations of 
these curves at operating equilibrium at 25'^C., H-L, is called the stationary or 
static characteristic curve for that arc at that temperature. 

During the transition from the low pressure arc starting condition to the high 
pressure arc, there occurs a striking change in the appearance of the luminous arc 
column. As seen through a dark filter, the principal light source becomes concen- 
trated in the center of the arc tube as a slender cord of great brilliancy. In this 

^Hamburger, L., Proc, Acad. Set, Amsterdam, 25, 1045 (1917). 

«*Skaupy, F., Verh. Dent Phys. Ges., 19, 264 (1917). 

Buttolpb, L. J., Gen. Electric Rev., 23, 741, 858, 909 (1920). 

^2® Buttolph, L. jr., Rev. Set. Instruments, t, 487 (1930); Trans, Ilium, Eng. See., 28, 153 (1932). 
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condition there is about 2S volts drop per inch in the arc as compared with approxi- 
mately 1)4 volts per inch in the low-pressure arc. 

The Uviarc may be operated at various arc voltages from about 20 volts up to a 
maximum, characteristic of each size of lamp. The static characteristic curve H-L 
expresses the relationship between the arc voltages and the corresponding normal 
current. A significant feature is the steepness of the curve. The temperature at 
which there is normal operating equilibrium is determined largely by the tempera- 
ture of the room and the ventilation of the burner. For example, with a given 
maximum burner voltage determined by the line voltage and the series resistance, 
the current normal for the design is increased by cooling the burner, as indicated 
by Figure 38. It is thus evident that the temperature of operation introduces 



Figure 38. Effect of Temperature and Ventilation (Buttolph, Reinew of 
Scientific Instruments). 


another variable. For this reason, the 220-volt horizontal Uviarc requires about 
4.5 amperes at 165 volts between the electrodes when operated in open air, while 
its normal current when enclosed is only about 3.75 amperes at 174 volts on the arc. 
To secure a relatively increased intensity of radiation in the 2537A line, Uviarcs 
may be immersed in water to various depths depending upon the effe<'ts desired. 
Depending upon llie temperature, the arc voltage then does not rise to more than 
20 to 40 volts at 4 to 5 amperes. Wood made use of this method 

When so operated, the arc has the volt-ampere characteristic of a low-pressure 
arc, although the current density in the arc is greatly in excess of that obtainable 

wWood. R. W., Pha, Mag,, 50, 761 (1925); compare also Taylor, H. S., 7. Am, Ckem. Sac., 48, 
2^ (1926). 



ENCLOSED VAPOR ARCS 


87 


utider conditiom of temperature equilibrium in open air, This is an inefficient 
operating condition. The inlead wires are not intended to carry the excessive 
currents which may pass. Spattering from the tungsten anode is also greater than 
during operation at the same current and higher vapor pressures. 

It is clear that the arc voltage drop depends upon the vapor pressure of the 
mercury, the mean vapor density of which increases with the temperature. The 
Uviarc dissipates about 50 watts per square inch of its silica tube, its mean tempera- 
ture is about 360^ C., and the vapor pressure about 800 mm. These are maximum 
ratings based on an economic life of 6000 hours of continuous operation. 

Among the first thorough studies of the static characteristic curves of the mer- 
cury arc were those of Harrison and Forbes,^®® who clearly appreciated the possi- 
bility of following changes in voltage with constant current by altering the ventila- 
tion of the arc. They also showed the negative characteristic in certain regions of 
the static curve ; an increase in applied voltage produces a decrease in the current. 
When it gets too hot the lamp goes out. 


Figure 39. 

Special Design of the Harrison 
and Forbes Experimental Mercury 
Arc {Journal of the Optical Society 
of America), 



For their work on the influence of current and voltage on the spectral distributions 
of the radiations, they designed a special lamp with variable length. (Figure 39.) The 
results were reduced to unit length after deducting the electrode drop in voltage, taken 
as 12 volts. Legs of an inverted copper U dipped into two Pyrex reservoirs, sealed to 
them by deKhotinsky cement, the upper part of each serving as water-cooler and the 
lower containing mercury for the arc. Iron wires scaled into the sides of the reservoirs 
dipped almost to the bottom of the mercury pools. A quartz trap was sealed to the top 
of the arc, so that the last traces of air in the tube could be exhausted by boiling the 

^Harriion, G. R., and Forbes, G. S., /. Opt. Sot. Am., 10» 1 (1925). 
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ftiertury up luto the trap. When the lower legs and trap tube were of large bore* the 
arc had a great tendency to oscillate, the mercury levels moving ^ and down several 
centimeters and the arc-voltage varying by 20 per cent or more. To damp the oscilla- 
tions down to a few hundredths of a millimeter and to keep the voltage constant, these 
kgs were replaced below the water-coolers by quartz capillaries of 1 mm. internal 
diameter, the finest thread of mercury that would carry the maximum current of 
S amperes. 
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Figure 40. Regulation Characteristics for Slow Changes of Line Voltage (Buttolph, 
Revieiv of Scientific Jnstrnments) . 

The bands of the upper part of the tube were made with thickened walls to prevent 
fusion under the greater heat caused by deflected ions. The two reservoirs and trap 
were connected to vacuum through rubber pressure tubing by stopcocks, so that any 
one could be separately exhausted either through an inch of thermometer capillary or 
through a tube of large bore. Exact control of all mercury levels was possible. Air 
pressure up to two atmospheres could also he supplied to the reservoirs. Their pressures 
could be read from manometers. 

In starting, both reservoirs and the body of the lamp were exhausted to a fraction 
of % millimeter and then mercury was allowed to rise slowly in the arms. The outside 
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of the lenap was heated by a Btinsen burner and the mercury boiled vigorously. Wheti 
it had risen so as to fill partly the trap^ the rubber tube connecting this to the pump 
was closed with a pinch-cock as near the trap as possible. The current was then turned 
on, the upper electrode being negative. The two reservoirs were then slowly exhausted 
until ihe mercury broke at the top of the U, and the arc length then increased as the 
pressure was built up* in the tube. The height of the mercury columns was finally 
adjusted by varying the resistance in scries with the lamp, the rate of cooling, and the 
pressure in the two reservoirs. Although the upper reservoir gradually filled at the 
expense of the lower, the excess could be returned without extinguishing the arc. A 
Copper tube with small holes was bent to the shape of the quartz tube and air currents 
were directed on the whole luminous column when neces.sary. With this apparatus, a 
change could be made from one stationary state to another on a different charact^istic 
curve much more rapidly than in the ordinary arc. The pressure could be built up 
rapidly in the arc when first struck by lengthening it to 25 cm., putting a large current 
through it, and then shortening the column, thus building up the voltage drop. The 
whole arc was enclosed in a large box with holes to provide variable degrees of 
ventilation. In series with the arc was a fairly high inductance to damp out oscillations 
and a variable maximum resistance of 200 ohms capable of carrying 5 amperes. The 
arc was fed by a 550-volt direct current generator, run on an induction motor. In no 
case was the voltage drop across the arc greater than 300 volts, or 17 volts per centi- 
meter. Langmuir also developed a cooled arc for the study of the characteristics 
of arcs at different vapor pressures. 

By combining the '*.static^^ characteristic of the arc (H-L, Figure 37) with the 
volt-ampere characteristic of the fixed series resistance to be employed with it, 
there is obtained the volt-ampere curve of the actual working combination, shown 
in full lines in Figure 40 The use of greatly increased resistance to secure low 
pressure operation of the Uviarc is also shown in broken lines. The curved line 
marked ‘1iigh pressure” is the supply voltage less the voltage drop in the series 
resistance and so represent the voltage available for operation of the arc at various 
stable arc currents. For the arc to be stable, the slope of this curve must be such 
that for various line voltages the voltage available for arc operation is never less 
than the arc drop. Buttolph emphasizes that the arc voltage is related to the current 
only indirectly through its ability to change the temperature and therefore the vapor 
presstire of the mercury. The positive volt-ampere characteristic of the Uviarc 
secures good ‘'regulation” (change of voltage with current) only for very slow 
changes in the supply voltage wdiich permit the attainment of temperature equi- 
librium. 

The practical stability characteristic of the arc is better indicated by a family of 
“dynamic” regulation curves, such as are indicated by the series of arrow-marked 
lines of Figure 41. This shows the effect of sudden changes in supply voltage so 
rapid as to make the immediate effect of temperature changes negligible. The 
arrow-marked lines show approximately what happens as a result of sudden changes 
in supply voltage to new voltage.s maintained until temperature equilibrium has been 
attained. Since the apparent resistance can change only with the vapor pressure, 
the first effect of an increase in the supply voltage is only an increase in the arc 
current. With the resulting temperature increase, the arc voltage increases, the 
series resistance voltage decreases, the current decreases and normal operation is 
resumed at a higher arc voltage with practically the original current. A sudden 
change hack to the normal and original voltage results in a completion of the cycle 
in a manner identical with that indicated for sudden decreases from normal. For 
transient voltage fluctuations, this cycle becomes greatly distorted and at high fre- 
quencies finally degenerates to changes only along the line LNH. The fact that the 
Uviarc current only affects the arc voltage rather slowly through the arc tempera- 


^ I..angfmuir, I., Cen, Blcctrk Review, Zt, 538 (1924'). 
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ttire, affects its ^parent static instability^ the cycle shown by the lines L'N'H' 
reqtiirinf a relatively long time for completion. The curve marked "'arc watts'^ 
shows that a condition of energy and temperature maximum exists at approximately 
the normal operating voltage. The ^Vegulation*' of the lamp depends upon the 
amount of series resistance used; this is determined by the permissible arc current 
fluctuation and the local variation in power supply voltage. 



Figure 41. Regulation Characteristics for Sudden Changes of Line Voltage (Modified 
from Buttolph, Review of Scientific Instruments)* 

There is also an inherent instability of the arc, related to changes in its apparent 
resistance, and ascribed to transient high-frequency variations of the current. This 
appears to be a cathode phenomenon, the cause of which is not definitely known. 
These current variations are most pronounced during low-pressure operation at 
starting and result in an arc-extinguishing effect opposed only by the impedance of 
the circuit The arc and its supply line act much like a series resonant circuit The 
frequency of the oscillations may be several thousand per second ; several thousand 
volts may be induced on the arc terminals, resulting in transient reductions of the 
current to amounts insu^cient to maintain the arc. This form of instability may 
be largely eliminated by inserting sufficient resistance to absorb one-third of the 
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supply Volt^e. In practice* one-quarter henry (or for a very tmstahle direct- 
current supply line or for rectifiers with pulsating^ output, one-half henry) in an 
open-core inductance connected in series with the arc and as directly as possible to 
the cathode, pej;‘inits stable operation with about 10 per cent greater voltage on the 
arc than would otherwise be possible. 

The arc is essentially a direct current device because the cathode cannot be 
maintained active on alternating current half-time operation. It may, however, be 
operated upon alternating current by using a rectifier circuit and an arc with two 
anodes. (See Figure 42.) The cathode is connected to the secondary midpoint of 
a transformer, and the anodes are connected to its terminals. The series resistance 
may be in two sections placed adjacent to the anodes, or in a single unit placed 
either between the arc cathode and the transformer or in series with the primary. 
Either the anodic or the primary positions are preferable. The mercury cathode 
remains continually negative relative to either one anode or the other at all times, 


Figure 42. 

Circuits for Alternating Current 
Mercury Arc (Buttolph, Transactions 
Illuminating Engineering Society). 



being maintained through zero supply voltage by the cathode inductance. The 
electron stream passes from the cathode to one anode during the active half-cycle, 
to the other anode during the following half-cycle, and to both anodes during the 
transition. The inductance has the new function of maintaining the arc current at a 
level sufficient to keep the hot spot alive during zero voltage. This effect can be 
secured by using a transformer of sufficient magnetic leakage and even the regu- 
lating resistance can be replaced by reactance, but either of these changes causes so 
great a lowering of the power factor as to he impracticable. Buttolph gives a 
detailed analysis of typical oscillograms, which lies beyond ^the scope of this book. 

The starting of the alternating-current arc is complicated by the fact that the starting 
circuit is, in effect, connected to but one of the two anodes, and that the current flowing 
in the shifter circuit is alternating and hence is of the correct polarity for arc starting 
but one half of the time, A further limitation to the use of this method in tlie starting 
of the alternating-current rectifier type of arc lies in the fact that to secure a satis- 
factorily high induced potential, the negative inductance or choke must be of so high a 
value that a potential of about 120 volts must be applied to the starting circuit in order 
to secure a satisfactory shifter current. This causes great stability in the shifter arc, 
resulting in a trailing of the shifter arc through to the extreme end of the half cycle 
in which the mechanical break occurs. Figure 42B shows a solution of several of these 
problems through the use of a small dry rectifier supplying about one ami)ere of 

Buttolph, L. J., Scu Instritmcnts, 1, 500 (1930). 

Buttolph, L. J., Trans. Ilium. Eng. Soc.t 153 (1932). 



92 


THE CHEMICAL ACTION OF ULTRAVIOLET RAYS 


rectified direct cwrreftt of just sufficient voltage to cause a flow of about one ampere 
tfirough tbe inductance. The impedance of even one-third henry choke to this pulsating 
direct current is so low that the equivalent of only abodt a three- or four-volt direct 
current supply is required to secure a shifter current of over one ampere. 

Other starting methods as a choke and either a mercury switch or a mechanically 
operated circuit-breaker may be used to secure high voltage transients sufficient to ionize 
the gas and start the discharge in the ordinary t 3 ^e of alternating current arc. (Figure 
42C.) An alternative to the relatively slow action of a mercury interrupter or of a 
mechanically vibrating interrupter is the use of a simple oscillatory circuit (Figure 42D) 
in which there is imposed on the arc tube a high-voltage, high-frequency impulse, the 
high-frdjuency nature of the discharge being effective ffirough the use of an external 
electrode placed preferably somewhere near the center of the arc tube. 

A detailed treatment, based upon studies with the oscillograph, has been given by 
Buttolph and Dana.“* 

The Mechanism of the Emission of Radiation 

The radiation emitted by the Uviarc extends from the 10,140A line in the 
infrared to the region of 1850A in the ultraviolet. The energy-level diagram of 
mercury given in Figure 4 (Chapter 2) forms the basis for an interpretation of the 
lines emitted in terms of the impacts of electrons possessing the necessary kinetic 
energies. The connecting lines between the various energy states represent most of 
the lines of the arc spectrum of mercury. It has been stated in the preceding section 
that very small fractions of the current are carried by ions of valence higher than 
one. The presence of such ions makes it possible that some of the lines of the 
emission spectrum of the mercury lamp may be ascribed to transitions which would 
find their representations on other energy level diagrams for the corresponding 
ions ; these are, however, of little significance. 

The diagram indicates that the two resonance states produced by impacts of 4.87 
and 6.67 electron-volts produce lines in the ultraviolet at 2537 and 1849 A, respec- 
tively. The various visible lines are produced by transitions from higher energy 
levels to the lowest excited levels corresponding to the resonance potentials or to a 
metastable state. 

The metastable states of the mercury atom are energy levels from which there 
occur no transitions with emission. The diagram indicates that 7.7 volts (applied 
in two Stages) produces an energy level 2®Si, from which the green line 5461A is 
emitted, the atom falling into a metastable state, 2 ^P 2 ' A second metastable state, 
2^Po, is produced similarly by a transition from the 2^Si state with emission of the 
4047A line. While the usual higher energy level states have a duration of about 
10~® second, the metastable states persist for times of the order of 10"® to 10"^ 
second.^®^ The metastable states can also be reached from the normal states by 
direct electron impacts, but the direct transition from a metastable to a normal state 
is very improbable, so much so that the lines corresponding to such transitions are 
'"forbidden"' lines. Various processes limit the existence of an atom in a metastable 
state. Another electron can hit it and raise it to a higher energy level or even 
ionize it. It may suffer impact with another atom and gain or lose energy thereby. 
In the presence of a gas with a lower resonance or ionization potential, the meta- 
stable atom may yield some of its energy to one of the foreign atoms, raising it to 
a higher energy level or ionizing it. 

^ Buttolph, L. J., and Dana, D. W., Rev, Set, Instruments, 4» 209 (1933). Note also Keltiiw^ 
R. C, U. k. P. 2,152,998, Apr. 4, 1939, 

mfor the infrared arc epectrum of Tncrcurv, see Wiedermano, G., and Schmidt, W., Z. Pkysik, 
106, 273 (1937); Murakawa, K., Z. Pkysik, m, 168 (1938). 

^^^Methoda for the determination of these life periods for various energy level states lie beyond 
j^e scope of this hook. See Mitchell, A. C. G., and Eettiansky, M. W., "Resonance Radiation and 
Bxcited Atoms," Cambridge, 1934. 
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Since in the operation of the usual forms of the mercury arc all the arc lines 
are emitted in addition to the resonance lines, the conditions must be such as to 
enable the bombarding electrons to raise the mercury atoms to the energy level 
corresponding to the ionization potential of 10,4 volts, ‘although the voltage drop at 
the cathode by which the electrons are accelerated is only about 10 volts. 
Compton suggested that the ionization must be produced as a result of two 
impacts. The electron energy is close to that required for the production of meta- 
stable atoms (see Figure 4) or to ionize these when formed. 

The intensity of a line depends upon the fraction of the atoms in process of tran- 
sition from a higher to a lower state ; this depends upon the concentration of higher 
state atoms. This in turn varies directly with the electron current and the con- 
centration of the atoms in the lower state, that is, with the current and pressure. 
Furthermore, the velocity of the electron must be sufficient to effect the transition in 
question; this depends on the voltage gradient in the region in which the electron 
acquires its velocity. For forming the state of mercury (6.67 volts), the prob- 
ability of excitation increases from zero at 6,67 volts to a maximum at 6.8 volts, 
after which it decreases.^®® Similar considerations apply to each of the other states ; 
the varying probabilities of excitation to each of these states under operating con- 
ditions accounts for the varying intensities of the lines which correspond to 
transitions from these states. 

The theory is, however, much more complex, since the intensity of a line depends 
not only on the probability of formation of the necessary energy state, but also upon 
the probability of the transition from that state. This is true since other transitions 
from that state producing other lines may also occur. In place of dropping to one 
of several lower excitation states with emission of the corresponding lines, it may 
also be raised to a still higher state of excitation by suffering impact with an elec- 
tron. The further analysis of these probabilities of emission, collision or ionization 
depends upon the determination of the mean free paths of the atoms and of their 
effective radii for collisions. 

The uniformity of the light emitted along the lengths of the positive column 
shows that the electrons must acquire energy from some source other than the 
cathode fall. It comes from the energy input into the column, the product of the 
arc current into the voltage gradient. The latter factor depends upon the current 
density and the pressure. Schottky believed the voltage gradient to vary 
inversely with the tube diameter. For mercury vapor, Giintherschulze found at 
different pressures that the gradient is a function of the tube diameter, d, and the 
c 

current I, a, &, and c being constants. The values of a and b vary with 

the pressure of the mercury vapor. At 100° C., a is 0.69 and b is 0.12. 

Within the positive column, the average kinetic energy of the electrons is too 
low to excite or ionize the mercury atoms. There is, however, a Maxwellian distri- 
bution of the kinetic energy among the electrons, so that a small fraction of them 
do have a sufficient amount of energy to produce these effects. The average kinetic 

«8ComptOtt, K. T., Phys, Rev., 37, 1077 (19.31); see also Mason. R. C.. Phys. Rev., 38, 427 (1931); 
Gehrts, A., and Vatter, H., Z. Physik, 79, 421 f 1932V, Barnes, B. T., and Adams, E. 0.* Phys. 
RetK, 53, 545, 556 (1938); Fabrikant, V. A„ Butaeva, F., and Tsirg, Physik, Z., StwietunwH, 
13, 23 (1938); Chem. Ms., 31, 83S2 (1937); 32, 4871 (1938). 

"WBrattain, W. H.. Phys. Rev., 34, 474 (1929). 

iw Schottky. W.. Physik Z., 25, 342, 635 (1924), 

Gantherschulsse, A., Z. Physik, 41, 718 (1927); 42, 763 (1927) (glow discharge). See also 
Elwibaas, W., Physita, 5, 568 (1938); Chem. Ms., 32, 7340 (1938). 
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fctoergy (3/2 kT^) depends upon the electron temperature Killian studied 
the effects ol pressure upon the electron temperature and total electron concentration 
over a low pressure range in a mercury arc in a tube of 6.2 cm. diameter, carrying a 
current of S amperes. The electron temperature decreased from 38,000®K. at 
0.00020 mm. to 1 0,900® K. at 0.00533 mm. An electron temperature of 19,900® 
means that the average kinetic energy of the electrons is 2.56 volts. The fraction of 
the electrons having kinetic energies greater than the ionization potential of mercury 
is in this case, from the Maxvvell-Boltzmann distribution law, about 0.003.^'*® The 
energy last by this small fraction of the electrons in ionizing collisions is supplied by 
the energy input into the positive column. Killian found also that an increase in 
pressure increased the probability of collisions, although it reduced the electron 
temperature. These opposing effects cause the emission at constant current density 
to pass through a maximum as the pressure is increased. Other observations 
showed that the electron temperature tends to decrease somewhat with an increase 
in the arc current. In Killian’s experiments, the average electron concentrations 
varied between 3,7 x 10^® and 15.2 x 10^^ per cubic centimeter as the pressure was 
increased from 0.00020 mm. to 0.00533 mm. The theory of Tonks and Langmuir^^^ 
indicates that there is also a concentration gradient for electrons from a maximum 
along the axis of the tube toward the walls. Not all of the energy input into the 
positive column is utilized in excitation or ionization. Some of the energy is 
delivered to the walls, being lil>crated there by the recombination of electrons and 
ions. As the electron temperature was decreased from 38000® K. to 19,900® K. in the 
experiments of Killian the energy delivered to the walls by recombination processes 
could be calculated to decrease from 48 to 14 per cent of the total input. The 
remainder was available for excitation processes. 

These experiments do not apply directly to the usual types of mercury arc, since 
the pressure range is quite different. Lubeke f5n(js that the electron temperatures 
are 7000 to 40,C^0®K. in the more usual forms.^^® 

Continuous and Band Spectra in the Mercury Arc 

The line spectrum of mercury is superposed upon a fainter continuous spectrum, 
emitted by glowing vapor distilling from the arc. It has been in part attributed to 
incandescence. The continuous spectrum, together with the selective absorption of 
the luminous mercury vapor for its own radiation, in part accounts for a shift in the 
relative radiation intensity toward the longer wave-lengths with increased energy 
input, in contrast with Wien’s displacement law. A review of continuous emission 
spectra in general has been given by Finkelnburg.^^^ 

Volkringer observed a large band at 3360 A and a smaller one with a maxi- 
mum at 2650 A. Dawson and Crew found hand maxima in the arc at atmospheric 
pressure, excited by high voltage and low current density, at 4500, 3300 and 25 50 A. 
No continuous radiation was emitted in the region 2535 to 2350A. On increasing 

Killian, T. J., Phys. Rev., 35, 1238 (1930). 

140 por further details of such calculations, sec Dushman, S., Elec. Eng., 53, 1204, 1283 (1934). 

Tonks, L., and Langmuir, I., Phys. Rev., 34, 876 (1929). 

Lubeke, C., Z. tcch. Physik, 14, 298 (1933) 

further details of probe tests in various mercury arcs, see Lubeke, C., Z. tech. Physik, $, 445 
(1927); Gvozdover, S. D., and Konovalov, F,, Compt. rend, acad Sci. U.R.S.S., I, 553 (1934); Chent. 
Abs.. a, 4975 0 934): Togo, S., J. Inst. Blet. Ena. Japan, 53, 109 (1933); Klyarfel’d, fe,. and 
■Plokhotzicit, E., Z. tseh. Physik (U.S.S.R.), S, 796 (1934); Chem. Abs., 29, 673 (1935). 

Finkelnburg, W., Pkystk. Z , St, 1 (1930). See also Rompe, R., Schulz, P., and Thouret, W., 
Z. Physik, 112, 369 (1939); Unsold. A., Ann. Physik, 33, 607 (1938). 

Volkringer, H„ Compt. rend., 185, 60 (1927). 

M«E>awson, L. H.. and Crew, W. H., J. Opt. Soc. Am., 17, 261 (1928). 
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the curteut, the bands broadened in both directions and filled this Crew and 
Thornton attribute the bands to the Hg 2 niolecule produced at the distilling sur- 
face of the mercury and readily dissociated even by ^owly moving electrons or ions. 
From the intensity of the band at 2540A at various temperatures and pressures, 
Koemicke^^® calculated the heat of dissociation of the molecule to be 1.4 kcal. 
Nakamura regarded the 2536A band as due to the arc type of excitation of the 
neutral molecule and the band at 2S40A as due to the ionized molecule 

5«Crcw, W. H„ and Thornton, W. N., /. Opt. Soc. Am., 1% 358 (1929). 
i"Koernickc, E., Z. Pkysik, 33, 219 (1925). 

Nakamura, G., Mem. Coll Sci. Kyoto, 10, 1 (1926); Ckem. Ahs., 21, 1755 (1927). 

i»»For recont studies of the origin of the mercury bands, see l.oid Rayleigh, Nature. 119, 423, 778 

(1927); 127, 125, 854 (1931); Proc. Roy. Soc. 116A, 702 (1927); U9A, 349 (1928); Kuhn, H., 

katurwiss., 16, 352 (1928); Z. Physik, 72, 462 (1931); Ponte, M., Compt. rend. 186, 633 (1928); 

Winans, Nature, 121, 863 (1928) ; Pienkowski, S., Suit, intern. Acad. Polonaise, Nos. 4-SA* 171 
(1928); Chem. Ahs., 23, 2103 (1929); Dziedzicki, N., Compt. rend. soc. polonaise Pkys., 3, 207 (1928); 
them. Ahs., 23, 5095 u929); Hulubei, H., Compt. rend,, 193, 1S4 (1931); Hamada, Phil Mao., 
li 50 (1931); Winans, J., Phys. Rev., 37, 897, 902 (1931); 39. 745 (1932); 42, 800 (1932); 
Okubo, J., and Matsuyama, E., Nature, 129, 653 (1932); Science Repts. Tokokn Imp. Univ., 1st series, 
22, 383 (1933); Chem. Abs., 71. 5642 (1933). 



Chapter 7 

Output of the Mercury-vapor Lamp Under 
Various Operating Conditions 


Methods of Measuring the Intensity of the Radiations 

The evaluation in absolute energy units of the radiations in various lines or 
wave-length regions emitted by a radiation source is difficult and requires means 
for the isolation of various wave-length bands by filters or monochromators as 
well as means for measuring the energies radiated within these bands. To avoid 
the difficulties involved and the apparatus required for such measurements a 
number of workers have described photochemical reactions which indicate the 
effectiveness of a radiation source for conducting photochemical changes. Many 
of these reactions are of little value, and even the better ones require a critical 
understanding of all the physical factors involved if they are to be employed 
effectively. 

Among the apparati used for measuring the quantity of radiant energy are 
thermopiles. When it is desired to express the results in absolute units of energy, 
the thermopiles must be calibrated against some standard source of energy. 
Thermopiles are non-selective and measure radiant energy of any wave-length. 
Their use is described in the following references, those by Coblentz giving detailed 
directions ^ for the construction, installation and use of these instruments. More 
recent descriptions have been given by Strong ^ and Cartwright^; precautions 
in the use of these instruments have been given by Leighton and Leighton.^ 

Mere exposure of a thermopile to a source gives information only as to the 
total energy emitted, but tells nothing of the distribution of radiations among the 
various spectral regions. To measure distribution in the ultraviolet region a 
quartz monochromator, by means of which the wave-lengths can be se[)arated into 
very narrow bands, is frequently employed with the thermopile.*"* When using 
thermopiies with quartz monochromators, correction should be made for slit width, ^ 
aberrations, reflection, absorption, and scattering in the optical train. McAlister 
has described in detail the use of two quartz monochromators for determining 
absolute ultraviolet intensities by the aid of vacuum thermopiles and Photronic 
cells. 

It is possible, however, to obtain information regarding the spectral distribution 


1 Coblentz, W. W., Bur. Standards Bull. 4 , 391 (1908); 9, 7 (1913); Moll, W. J., and Burger. 
H, C, Z. Physik, 32. 575 (1925); Coblent*, W. W., /. Opt. Soc. Am., S, 259 (1921); Vocgc. W., 
Pkysik. Z., 22, 119 (1921). » * * 

® Strong, J., Rev. Sci. Instruments, 3, 65 (1932). 

^Cartwright, C. H-, Rev. Sci. Instruments, 3, 73 (1932), 

♦Leighton, P. A., and I^igbton, W, G., /. Phys. Chem., 3$, 1882 (1932). 

® For a critical discussion, see Forbes, G S., Report of the Committee on Photochemistry of the 
Division of Chemistry and C hemical Technology of the National Research Council, J. Phys, Chem., 
32, 491 (1928). 


« Coblent*. W. W., Dorcas, M. J.* and ^ugbeS, C. W., Bur. Standards SH. Paper, 21, 535 (1927) • 
Cobl^t*, W. W.j Bur. Standards Bull. 10, 41 (1914); 17, 1 (1920); Franklin, R. d., kaddisoa* R., 
ajwJ Rcevi!, L., /. Phys. Chem., 29, 713 (1925). 

'^^cAlister, E. D,, Smithsonian Miscellaneims Collections, 87, No, 17 (1933). 
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of the energy emitted by a source, by employing filters for delimiting various 
ultraviolet regions.*^ Such methods are illustrated in the work of Gillam and 
Morton discussed below in connection with chemical actinometers. Stockbi^tger 
and Bums® have reported methods for standardization of the conditions to be 
met in the use of filters, which methods are discussed in more detail in Chapter 10. 
In general, the infrared energy, the energy in successively shorter- wave regions 
of the visible and the energy in the ultraviolet range are measured in successive 
experiments with the corresponding filters. The energy introduced in each of the 
increments is calculated by differences. The equivalent wave-length range of the 
increments is approximated from the filter transmission curves.^® Fabry and 
Buisson measured the total energy L transmitted hy n different filters, of thick- 
ness d (or n different thicknesses of the same filter). They solved n equations 
of the form L ^ .... for Ai, the n monochromatic intensities 

of the original source; nti were determined separately for each filter.^ 

Also, photoelectric colls have been used for energy measurements. Such cells 
have almost linear intensity-current curves, and are free from time-lag, fatigue and 
deterioration. Their use, however, requires a knowledge of the sensitivity regions 
of the various cells, since these cells arc selective in their response to particular 
wave-length regions. When the measurement is intended to serve as an indica- 
tion of the suitability of a source for effecting a given photochemical change, the 
wave-length region necessary to bring about the reaction must be known in order 
that the appropriate photo-cell may be selected. 

Elster and Geitel used a zinc sphere for measuring ultraviolet radiation 
through photoelectric effect. Szillard used cadmium in the cathode of a photo- 
electric cell sensitive to the region 2950 to 3900A. Griffith,^'* by employing a 
quartz window to the above cell, made it sensitive to 2000A and with Taylor 
adapted it to the photometry of therapeutic lamps. Harris replaced the elec- 
trometer or gold-leaf electroscope used in conjunction with such cells by more 
robust measuring apparatus. He adapted a thermionic valve and microammeter 
to a circuit employed for the measurement of the output of a quartz mercury 
arc. Miethe and Stenger used a silver film, and Anderson has described 
a method of measuring and controlling the total ultraviolet output from a quartz 
mercury arc by using the Weston '^Photronic” light-sensitive cell. 

An ultraviolet light meter described by Rentschler comprises special uranium, 
thorium, cerium, titanium and tantalum photoelectric cells connected to a glow 
relay tube. The latter consists of an iron cathode, a thorium starting anode and a 
main anode contained in an inert gas atmosphere. The intensity of incident 
radiations is proportional to the rate at which an electromechanical counter actu- 
ated by the glow tube registers. The total energy is measured by a recording 

« See Krefn, H., and RSssler, F., Z. tech, Physik, 17, 479 (1936). 

® Stockbarger, D, C., and Burns, L., Pkyit. Rev,, 34, 1263 (1929). 

wCoblenta, W. W., T^ng, M. B., and Kabler, H., Bureau of Standards Butt, 15, No. S 330 (1918). 

Fabry, C., and Buisson, H., Compt. rend., 152, 1839 (1911). 

^Coblentz, W. W., and Kabler, H., Bur. Standards Butt No. 378 (1920). Ornittejn, L. S., 
J, phys. radium (7), 4, 613 (1933). Kawa, J., Towaritystvoa Fxs , 4, 27; Chem, Abs., 25, 2361 (1931). 
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m thm chemical action of ultraviolet rays 

Cerium is photo active below 4500A, thorium below S700A, uranium below 
4200A, titanium ^tween 270D^3200A, and tantalum between 2000-3000A. A 
proper choice of metal and quartz or glass container allows radiations of definite 
wave-length bands to be measured. It has been employed, with some mc^ifica- 
tions, in the investigations on air pollution conducted at the Mellon Institute.^ 
Figure 43 shows the wiring diagram of the Rentschler Ultraviolet Meter.^^ The 
photoelectric cell shown on the central panel is mounted in a special glass bulb 
which admits all the ultraviolet reaching the surface of the earth. It has two 
electrodes, a central rod and a cathode of uranium, sputtered (in argon) over a 
small area of approximately 12 square centimeters on the inside wall of the bulb. 


SPtCtAtUY INSULATED 



Figure 43. Wiring Diagram for Ultraviolet Meter (Mcller, Hihbcn and Warga, 
Transactions Illuminating Engineering Society). 


The uranium cathode, by emitting electrons, allows current to flow through the 
cell only when radiations between 2700 and 3350A fall upon it. The current is 
proportional to the intensity of the radiation, but is very small (0.1 microampere) 
and requires amplification by a glow relay or starting anode tube. The current 
trickling through the cell slowly charges a condenser. When this reaches a fixed 
value, the condenser spills over and an impulse of current flows between its plates. 
The frequency with which this occurs is proportional to the intensity of the radia- 
tion. The current flow in the tube at this point operates either a click recorder 
or a graphic recording meter in which a moving pen integrates the impulses over 


wMeJler, H. B., Hibben, S. G., and Warga, M. E., Trans. lU. Eng, Soc., 27, 64 (1932). 

Rentschler, H. C., and Henry, D. E., U. S. P. 1,815,073, July 21, 1931; British P. 353,981, 
Tune 12, 1929; Rentschler, H. C, U. S,^ P. 1,871,280, Aug. 9, 1932; 1,917,854, July n, 1933,' 
Britiah P. 353,554 and 353,555. Special fluorescent filters for use in coniunction with such photo- 
cdli have been described by E. D, Wilson, U. S. K 2,128,110, Aug. 23, 1938; Chem. Abs., 32, 
fl2| p938). 
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a short time insterval. The record discloses variations that may occur rapidly. 
The sensitivity of the uranium photo-cell, shown in Figure 44, is at a maximtim 
between 2950 and 3000A. Different cells have different sensitivities and each 
cell must be calibrated. According to Meller, Hibben and Warga, the chief source 
of error is leakage to the ground or around the condenser. They calibrated their 
meter against a standard tungsten-ribbon lamp which, operated at 27.5 amperes, 
had a true temperature of 2800® K. The results are given in arbitrary units, the 
number of impulses per unit of time. 

Dorno also finds the cadmium cell to be sensitive between 2800 and 3500A. 
Cohlentz and Stair described a portable ultraviolet intensity meter comprising 
a photoelectric cell, balanced amplifier, and microammeter.®^ Coblentz®® devel- 



Angstroms 

Figure 44. The Response or Sensitivity Curve of the Ultraviolet Photocell (From 
Meller, llibbcn, and Warga, Transactions of Ilhminating Engineering Society). 


oped a practical field method for determining the energy distribution of the sun 
in absolute units. Two methods were devised, one employing filters and a balanced 
thermopile calibrated in absolute value against a standard of thermal radiation. 
The other employed a titanium photoelectric cell calibrated in absolute value 
against a standard of ultraviolet radiation. For the latter, Coblentz and Stair ^ 
use a commercial vertical mercury-in-quartz arc.^'^ It proved of especial yalue 


Dorno, C., Strahlcntherapic , 25, 361 (1928); Chem. Abs., 22, 1540 (1928). 

®® Coblent*, W. W,, and Stair, R,, Bureau, Standards J. Research, 12, 231 (1934). 

For further discussion of the calibration of photoelectric cells, or for the u.se of thennopile# and 
filters in measurinR the energy distribution of sources, sec Coblentz, W. W., Science, 76, 412 (1932); 
StraMeniherapte, 50, 179, 487 (1934); Am. J. Roentgenol. Radium Therapy, 33, 793 (193 5); Coblentz, 
W. W., Stair, R.. and Hogue, Bur. Stand J. Res., 7, 723 (1931); 8, 759 (1932); Coblentz, W. W., 
Bull Bureau Stand.. 9, 51 (1912); 11, 87; Bur. Stand. /. Res., 11, 79 (1933). 

»» Coblentz, W. W., Puetto Rico S. Public Health Trop. Med., 11, 1 (1935); Chem. Abs., 30, 118 
(1936). 


Coblentz, W. W., and Stair, R., J. Res. Bur. Standards, 16, 83 (1936). 

^ Report of the Illuminating Engineering Society Subcommittee on the Measurement of Ultraviolet 
Radiation, Trans. lllUm. Bng. Soc., 28, 864 (1933). 
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as a standard for meters used to evaluate sources for germicidal and erythema- 
producing effects by the aid of the plioto-cell. Since the cell is insensitive to wave- 
lengths longer tlian about 3300A, and since the short-wave response may be limited 
to about 2800A by enclosing the cell in Corex D glass, practically only the strong 
emission lines at 2967, 3024 and 3 132 A are effective. A gas- filled tungsten lamp 
has been employed occasionally as a standard, but a source emitting a continuous 
spectrum has several disadvantages over the discontinuous spectrum of the mer- 
cury arc. 

One method of calibrating a photoelectric intensity meter in absolute values 
comprises observing the microammeter reading on exposure of the cell to a strong 
emission line of the mercury arc, c.^., 2%7A, the energy value of which had been 
determined in absolute units. By dividing the scale reading by the efficiency of 
the photoelectric response for that wave-length, the true scale reading would be 
relatively the same as that of a spectrally nonselective radiometer. For reasons con- 
cerned with the construction of the photoelectric cell first employed by Coblentz, 
difficulties were encountered in attempting to operate it at the exit slit of the 
spectroradiometer used in isolating the 2967A line. Therefore, it proved simpler 
to use the arc with a Corex D filter, so that the radiations effective on the photo- 
cell were limited (as before mentioned) to a few lines. The sum of these emis- 
sions could be accurately evaluated in absolute units with a balanced thermocouple 
and filters at the time the photoelectric measurements were made. Comparative 
reading would be taken at the same distance from the lamp in both instances. This 
obviates the effect of room temperature upon the output of the standard source. 
Alternatively, the lamp could be operated at a constant energy input in an inclosure 
maintained closely at the same air temperature, so that a single standardisation of 
the lamp against the thermopile suffices until the lamp shows signs of ageing. 
This ageing (a blackening of the tube surrounding the tungsten anode) is elimi- 
nated, together with flickering at the cathode, by placing an aluminum diaphragm 
in front of the lamp to limit the emission to 30 millimeters at the central portion 
of the lamp. The lamp employed was the Cooper-Hewitt, 110- volt, vertical 
Uviarc mounted in a support which permits tilting the burner to a horizontal 
position for starting. A laboratory rheostat of about 18 ohms was connected in 
series. The potential was kept at about 5 volts below normal (70 volts) to 
decrease depreciation. The lamp and mounting may be kept in a ventilated, 
galvanized housing. When used with the diaphragm, the apparent depreciation 
is slow. Operated on a storage battery, the lamp remains constant at 65 =^0.3 
volts. This slow fluctuation of =^0.3 volt is probably the result of changes in 
ventilation and is easily controlled with a rheostat, so that the ultraviolet output 
in a particular region is regulated within two or three parts in 1500. 

Gyemant^® described a fluorescent intensimeter for ultraviolet rays. A simple 
'‘UVseope^' described by Alexander and referred to by Moss and Knapp was a 
filter of Chance’s glass which absorbed all rays shorter than 3650A, the longer 
transmitted rays being recorded by their effects on photographic paper. The 
Hanovia Co.^® described an apparatus with a fluorescent screen and ammeter indi- 
cator from which the intensity of the light could be directly read. 

The Geiger-Miiller electron counter, widely used in cosmic ray measurement.s, 
has been employed for the measurement of an ultraviolet beam, by counting the 
electrons produced by the photoelectric effect of the beam. The counter is used 

ssGyemant, A., /. Opt. Soc, Am,, 12, 65 (1926). 

** Croad, A. K,, British P. 320,794, Nov. 8, 1928, to The Hanovia Co.; Brit. Chem, Abs., B, 
1021 (1929). 
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chiefly in tile study of ultraviolet of very low intensities, such as the assumed nrito- 
genetic rays.®^ 

Chemical Actinometers. Comparison of some chemical actinometers was given 
by Eidinow.®^ Since the reactions depend upon the intensity of restricted’ wave- 
length regions, the results of such measurements may show apparent disagree- 
ment. In using chemical methods as a rough guide to the times of exposure 
required for a given reaction to be effected by a lamp, it is essential to select a test 
reaction which is effected in approximately the same wave-length region as that 
required for the reaction to be conducted. This is true since every photochemical 
reaction has its own characteristic curve of spectral sensitivity, while every light 
source has its own spectral energy distribution. Thus for controlling the bac- 
tericidal action of a lamp; it is necessary to choose as a test reaction one which 
is not effected by visible radiations or by those longer than about 2950A. (See 
Chapter 35.) Dorcas and Forbes pointed out the necessity of using in con- 
junction With a chemical actinometer, a filter which transmits for each wave- 
length a fraction of incident radiation proportional to the efficiency of the radia- 
tion in promoting the reaction for which the light is intended to be employed. 
This method of measurement furnishes a comparison of the abilities of sources of 
different spectral distribution to effect a given reaction. In the case of skin 
erythema tests, taken as an index of biological stimulation, a filter comprising 
a one-centimeter thickness of 0.00025 molar picric acid between a sheet of red- 
purple Corex glass 2.5 mm. thick and one of clear Corex was utilized. This filter 
had an absorption curve bearing a resemblance to the Hausser and Vahle er3rthema 
curve replotted on the basis of quanta rather than ergs. The replotting was 
done by multiplying the ordinates of the Hausser and Vahle curve by numbers 
inversely proportional to the corresponding wave-lengths. As the actinometric 
reaction, Dorcas and Forbes selected the photolysis of /^-benzoquinone in 50-per 
cent alcohol, a reaction which absorbs completely the light transmitted by the 
filter. This reaction, which had been studied by P. A. Leighton, satisfies the 
necessary condition of having a practically constant quantum yield (See Chapter 
12) between 3130 and 2540A. Each wave-length transmitted through the filter 
may be assumed to photolyze a mass of quinonc proportional to the erythema- 
producing power of the corresponding light component of the original source. 
The irradiation period was two hours. A second sample was kept in a dark vessel 
for the same period as control. Both samples were then cooled in ice, and titrated 
simultaneously with 0.004V thiosulfate, adding 10 cc. of normal iodide and of 1.5 
normal hydrochloric acid at the start, with starch indicator. It was assumed that 
all of the monochromatic effects for this reaction could be integrated by sum- 
mation since the reaction has no induction period and only a few per cent of the 
reaction material is decomposed, so that absorption by ipeaction products does not 
interfere. A plot of the milligrams of quinone decomposed per hour by a series 
of differently cored carbon arcs against the reciprocals of the times required for 
the production of a standard erythema indicated a fair degree of proportionality. 
As such proportionality implies that the reciprocity law holds for both reactions 
(erythema and photolysis), the slight variations from proportionality involving a 

*« Stoll, B., Helv. Phys. Ada, 8, 3 (1935); Lochcr, G. L., Phys. Rev., 42, S25 (1932); Audubert, R.. 
and Reithmullcr, C., Compt. rend., 200, 389 (1935); Karev, M., and ‘R^ionov, S., Z. Physik, 92, 
61S (1934); Auditbert, R, and Mattler, J., Compt. rend., 206, 1005 (1938). 

wEtdinow, A., Lancet, 209, No. 5320 (1925). 

“Dorcas, M. J., and Forbes, G. S., J. Am. Chem. Soc., 49, 3081 (1927). 

“Hausser, K. W., and Vahle, W., Strahlentherapie, 13 (1923); see Chapter 
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tferejshold intensity indicate that the reciprocity law does not hold exactly for the 
erythema reaction. 

There had been many attempts to devise methods of chemical actinometry, 
usually with the object of measuring^ the value of a source for producing erythema, 
but rarely had the physical principles underlying the method been analyzed with 
such thoroughness. Filters were rarely applied (or were used only in a relatively 
crude manner) and reliance was placed instead upon the choice of a reaction which 
might be effected within the same wave-length range as that of the reaction to be 
studied, if, indeed, any consideration at all was given to the matter. The absorp- 
tion curve of the actinometer was usually taken as an index to the wave-length 
region within which it is photochemically effected. Variations in the efficiency of 
the monochromatic rays within the absorbed band were disregarded, and the possi- 
bility of the occurrence of side reactions were not always eliminated. 

Kistiakowsky and Heidt^^ point out that, although the errors of radiometric 
measurements can be estimated only by the original investigator, many difBculties 
may be avoided by the proper use of actinometry, and that, if later, the given 
actinometer is restandardized, it is easy to recalculate all quantum yields previ- 
ously referred to it. They describe in detail an apparatus whereby the quantum 
yield of a photochemical gas reaction over any time interval during its course 
may be stated in terms of the quantum yield of uranyl oxalate decomposed by mono- 
chromatic light of the same wave-length with a probable error of 5 per cent. 

Gillam and Morton,^® among the earlier writers on actinometry, proposed the 
photochemical reduction of potassium nitrate to nitrite (determined colorimctri- 
cally) as an index of the bactericidal activity of a source. The absorption of light 
by nitrates commences at 3300A, rises to a maximum at 3000A, falls to a minimum 
at 2650 and rises very rapidly beyond this point. The quantum efficiencies below 
2860A are, however, much greater than those in the region of selective absorp- 
tion, so that despite the dissimilarity in absorption of potassium nitrate and bac- 
teria, the photolysis in solutions buffered to pH 9.4 was held to resemble the 
bactericidal reaction in respect to the spectral distribution of photochemical 
efficiency. 

By this method Gillam and Morton found that an unused mercury lamp gave 
nitrite equal to 6.4 cc. of N/5000 nitrite, while a used mercury lamp gave only 
1.6 cc. An iron-nickel arc produced 5.2 cc. in one hour at 6 inches, or 1.3 cc. at 
12 inches, so that the old mercury lamp and the metal arc were effective to 
roughly the same extent. A test showed that about 98 per cent of the nitrite 
formed by exposure to the un filtered lamp owed its origin to rays on the short- 
wave side of the limiting ray (2750A) transmitted by 0.090 inch of a Vitaglass 
filter. This was held to indicate that the unfiltered reaction is applicable for 
measuring the relative bactericidal efficiency of different light sources. The 
unfiltered reaction is also suitable for indicating the deterioriation of a quartz 
lamp since this deterioration begins in the short-wave region to which the nitrate 
photolysis is sensitive. The reaction is, however, too slow for general use as a 
routine test for dosage in actinotherapy. It has been employed by Kestner in 
comparing various ultraviolet sources. 

Webster, Hill and Eidinow found the bleaching of a solution of methylene- 

M Kistiakowsky. G. B.. and Hcidt. L. J , J, Am Chem, See,, S4, 3246 (1932). 

» Gillam, A. E., and Morton. R. A., /. Soc. Chem. Ind , 46, 417 (1927); see Chapter 20 for 
further discussion of the reaction. 

••Kestner, O., Stmhlentherapie, 46, S74 (1933). 

Webster. T., Hill, L., and Eidinow, A., Lancet, 1924, (1) 745. 
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Wtie in aqueous acetone to provide some guide to dosage In actinotherapy. The 
decomposition products of the acetone effect a bleaching of the dye which is 
proportional to the time of exposure, the dye evidently acting as a hydrogen 
acceptor. 

Gillam and Morton found by the use of filters that about 88 per cent of the 
acetonc-methylene blue reaction is due to rays between 2000 and 2800A, 6 per cent 
to rays between 2800 and 3250A, and 6 per cent to rays on the long-wave side of 
32S0A. This indicates that the test is unsuitable as a criterion for the exposures 
required to effect the conversion of sterols to vitamin D (Chapter 39). On the 
other hand, it might serve as a simple means of determining dosages in bactericidal 
experiments. Moss and Knapp*® criticized the test as lacking delicacy. 

With mercury-vapor lamps at short distances the acetone-methylene bine test is 
fairly rapid. It is rather slow in sunlight, but for recording the ultraviolet 
intensity over a whole day this is an advantage. Exclusion of air is essential 
for securing reproducible results by this method.^® 

The uranium-sensitized decomposition of oxalic acid was employed by Freer 
and Gibbs in studying solar radiation in the tropics and was applied to the 
determination of the intensities of the radiations from the mercury vapor arc by 
Mathews and Dewey.'*^ Xhe test was standardized for actinometry by Anderson 
and Robinson,*** Leighton and Forbes,^** and by Forbes, Kistiakowsky and Heidt.**® 
The spectrum of an oxalic acid-uranyl salt solution exhibits considerable absorp- 
tion in the region between 3000 and 3800A. In agreement with this were the 
experiments of Gillam and Morton with filters of Vitaglass and window glass 
and a mercury arc, which indicated that 25-30 per cent of the decomposition of 
the oxalic acid-uranyl salt is due to rays on the long-wave side of 3250A and about 
40 per cent to rays longer than 2800A. The region 2700 to 32S0A appeared to 
account for about 20 per cent of the change. With the change induced by sunlight 
taken as 100, that through 0.09 inch of Vitaglass was 86.7, and through 0.105 
inch window glass, 67.5, The test appears to indicate in a very rough way the 
intensity of those radiations effective in producing erythema. Moss and Knapp**® 
thought the test to be a measure of the rather indefinite dye fading power of a lamp. 
4 mm. of Pyrex transmits 40 per cent, 8.2 mm. of clear Corex 70 per cent and 
red purple Corex (10.2 mm.), 19 per cent of the total radiation as measured by 
this method.**'^ Erythema on the upper arm is said to be produced by the same 
quantity of radiation which decomposes 0.056 mg. of oxalic acid per square centi- 
meter in three minutes under standard conditions. 

The “Uroxameter” of Moss and Knapp *** is an elaboration of this test, using a 
specially designed vessel (made by Baird and Tatlock) rotated during irradiation 
of thirty minutes at a distance of 6.5 inches. The test solution consisted of a 

"Gillam, A. E, and Morton, R. A., J. Soc. Chem, Ind., 46, 4 1 7 (1927). 

"Moss, J. E., and Knapp, A. W., J, Soc. Chem. Ind., 44, 453 (1925). 

"Osborn, T. W. B., and Stammers, A. D., Brit. J. Actinotherapy, 5, 68 (1930). 

« Freer, P. C., and Gibbs, H. D., Phys. Chem., 16. 709 (1912). 

"Mathews. J. H., and Dewey, L. H.. /, Phys. Cham., 17, 211 (1913). 

"Andcrinon, W. T,. Jr., and Robinson, P, W., /. Am. Chem. Soc.^ 47, 718 (1925), 

"Leighton, P. A., and Forbes, G. S., /. Am. Chem. Soc., 52, 3139 (1930), In this paper the 
limitations of actinometry in polychromatic light arc discussed. 

"Forbes, G. S., Kistiakowsky, G. B., and Heidt, L. J., J, Am. Chem. Soc., 54, 3246 (1932). 
For a discussion of the reaction, see (Chapter 24. 

"Moss, J. E., and Knapp, A. W., J. Soc. Chem. Ind., 44, 453T (1925). 

"Atkins, W. R. G., and Poole, H., Sci. Proc. Roy. Dublin Soc., 19, 355 (1929); Brit. Chem. 
Abs., A, 1249 (1929). 

"Moss, T. E., and Knapp, A. W., /. Soc. Chem, tnd., 44, 4S3T (1925); Brit. J. Actinoiherapy 
(Jan., 1927). 
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mixture of 20 cc. of a 2 -per cent aqueous solution of oxalic acid, S cc. of a 1 -per 
cent solution of uranyl acetate in water, and 20 cc, of distilled water. For use with 
carbon arcs, an alternative stock solution richer in uranyl salt was recommended, 
and called the “ 20 -strength*^ solution, since with it the distance of irradiation had 
to be greatly increased. The 20 -strength solution was rather unstable, and had, 
according to Gillam and Morton, a somewhat different absorption spectrum than the 
normal mixture. Use of the stronger solution increases somewhat the values 
obtained through Vitaglass from a given source, the K.B.B. lamp. It was reported 
that a thickness of 2.2 mm. of the reacting solution absorbs all rays shorter than 
3210A and the method was said to indicate sensitivity to the region 3200-2300A, 
Brackett and Forbes®® determined the gross quantum yields (see Chapter 12) at 
2 l*^C. (expressed as moles of oxalic acid per quantum) in a solution in which 
uranyl sulfate is 0.01 and oxalic acid O.OS molar. The yields are 0.48=^0.01 at 
2080A, 0.63=^0.03 at 2S30A, and 0.59-^0.01 at 2780A. Forbes and Heidt®i used 
uranyl oxalate rather than .sulfate (.005 mole) and oxalic acid (.0025 mole) per 
liter. According to Pitzer, Gordon and Wilson the rate of reduction of uranyl 
ion is small until just enough oxalic acid remains to form uranyl oxalate, when the 
rate of reduction rapidly increases. The presence of sulfuric acid has no effect on 
the relative rates. The photolyte in the actinometer is a complex, H 2 C 2 O 4 • 
UO 2 C 2 O 4 which ionizes as a strong dibasic acid. 

The hydrolysis of monochloracetic acid has also been employed in aclinometry.®^ 
Bagnall reports that the amount of iodine liberated from a solution of potassium 
iodide acidified with sulfuric acid is a measure of the chemical activity of sunlight 
and Rousseau used this reaction in testing the permeability of various substances 
to the ultraviolet. !Moss and Knapp suggested that the reaction should be carried 
out in quartz vessels. They also pointed out that unless one unit of ultraviolet 
radiation liberates the same quantity of iodine from the nearly colorless potassium 
iodide solution as from the orange-colored mixture of solutions of iodine and potas- 
sium iodide, the quantity of iodine liberated will not be directly proportional to the 
amount of ultraviolet radiation incident upon the solution. Hymas finds that for 
periods less than ten minutes, the amount of reaction is proportional to the energy 
absorbed. The potassium iodide-starch method has a temperature coefficient 
between 25® and 62° C of ~ 1.042 for ten degrees. He also finds the deterioration 
of a mercury lamp to be apparently greater when tested by its action upon potassium 
iodide than by its action upon sensitized oxalic acid. 

From their studies of various methods, Gillam and Morton concluded that the 
nitrate and carbon tetrachloride methods are most suited to measure the bactericidal 
rays, while the three oxalic acid methods are more suitable for measuring the 
“middle ultraviolet.” 

Clark employs the rate of darkening of zinc sulfide as a measure of ultraviolet 
intensity. Zinc sulfide and lithopone are sensitive from about 2500A to about 3600A, 

^ Moss, J, E, and Knapp, A. W,, Brit J, Acfiiiotherapy, May, 1927. 

»> Brackett, F. P., Jr., and Forbes, G. S , Am Chem. Soc., 55. 4459 (1932). 

w Forbes, G. S., and Heidt, L. J., J, Am. Chem. Soc., 56, 2363 (1934). 

“Pitzer, E. C., Gordon, N. E., and WHson, D. A.. J. Am. Chem. Soc., 58, 67 (1936). 

“ Dain, B., and Puzenkin, E., Ber. Ukrain. wiss. Forsch. physikal Chem., 4, 75 (1935); Brit. 
Chem. Abs,, A, 1211 (1935); Chem. Abs., 29, 2451 (1935). 

“Bagnall, H. H.. Analyst, 54, 101 (1929). 

“Rousseau, E., Compt. rend. .wc. biol., 93, 1480, 1482 (1925). 

“Moss, J. E., and Knapp, A, W., Analyst, 54, 334 (1929). 
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21, 240 (1931). 



OUTPUT OP THE MERCUPY-VAPOP LAMP 


105 


with $ maximum darkening: at about 3200A- Mayerson finds the method satis- 
factory if the change in reflection factor is measured. For measuring solar ultra- 
violet radiation, he finds the acetone-methylene blu^ the least applicable and the 
oxalic acid-uranyl sulfate reaction the most useful of these three methods. He 
presents a comparison of the data obtained by other workers with these methods, 
recalculated to absolute units. 

Eisenschimmel suggested the diminution of the active chlorine content of 
chloramine-T in 0,2N solution in methanol as a measure of the inteiisity of actinic 
light. The reaction was carried out in glass test tubes. No information as to the 
effective wave-lengths is available. 

Weyde and Frankenburger measure the erythema-producing region of the 
ultraviolet by the photochemical formation of crystal violet in an alcoholic solution 
of its leucocyanide or sulfite. For radiations of 31v30A and 2537 A, the quantum 
efficiency is one. A small quantity of potassium cyanide or sulfite is added to the 
alcohol solution. By using sufficiently thick layers of solution, it is possible to 
measure 10^® dye molecules, corresponding to 6.8x 10^ ergs. For ultra violet inten- 
sities of one erg per square centimeter, the exposure is one hour. Harris and 
Kaminsky®*-^ report that photolysis of crystal violet leucocyanide or sulfite is less 
desinible than photolysis of methylene-green leucocyanide for which the Einstein 
equivalence law (Chapter 12) holds with an accuracy of 2.5 per cent in absolute 
value and an average precision of 1.4 per cent for three wave-lengths. The latter 
reaction is said to be especially adapted for the measurement of very small light 
energies. 

Anderson and Bird used a fluorescence photometer with different chemical 
substances to measure the relative intensities of monochromatic ultraviolet light 
throughout the spectrum, and found that they could check the intensities as given by 
a thermopile. It was concluded that the photometric method may be employed for 
measuring accurately the ultraviolet energy.®** Although fluorometers are simple 
and inexpensive,®^"* Forbes®® does not regard them as vciy precise. 

Athanasiu ®'^ investigated the effects of light on voltaic cells. The latter were 
described as electrochemical actiiiorncters. The maximum sensitivity of actinom- 
eters having electrodes of mercury salts in contact with 10 per cent sulfuric acid 
is at 2536A for mercurous chloride and at 2967 for mercurous bromide. The 
chloride and bromide are sensitive only to the ultraviolet ; they are fluorescent under 
the latter, emitting a strong Ao'sible radiation. The effects were too gi*eat to be 
photoelectric and were attributed to photochemical changes at the surfaces of elec- 
trode-producing films. There are, in addition to an electrolyte, two similar 
metallic electrodes, one kept dark and the other irradiated. Polarization and 
thermal effects also play a part. With copper electrodes in copper sulfate, an 

Mayerson. H. S., Am. J. Hyg., 22, 106 (1935). 

Eisenschimmel, W, Z. Zuckcrind. Cechoslov. Rep., 51, 535 (1927), Chem. Abs , 22, 3 56 (1928). 
The rate of combination of hydrogen and chlorine has l)€en proposed as a measure of light intensity by 
C. Cliilowsky, British P. 463,994, April 9, 1937, and 469,636, July 29, 1937; Chem. Abs., 32, 429 
(1938). 

Weyde, E., and Frankenburger, W., Trans. Faraday Soc., 27, 561 (1932); U. S. P. 1,845,835, 
Feb. 16, 1932, of Frankenbmger, Vv., Robl, R., and Zimraermann W.; Naturwiss.j 18, 206 (1930); 
Chem. Abs., 26, 2121 (1932). Diazo compounds have also been employed m actmometers. N. V 
Cheraische Fabrik, L. van der Grinten, French P, 820,108, Nov, 4, 1937; Chem. Abs., 32, 5307 (1938). 

Harris, L,, and Kaminsky, J, J. Am. Chem. Sac., 57, 1154 (1935). 

"•Anderson, W. T., Jr., and Bird, L. F., Phys. Rev., 32, 293 (1928). 

e*Sce also Croad, A K., British P. 320,794 (1928;. 

« Winthcr. C., Z. Elektrochem., 19, 390 (1913); Gycm.mt, A., /. Opt. Soc. Am , 12, 65 (1926), 

«• Forbes, G. S., /. Phys, Chem , 32, 488 (1928). 

"^Athanasiu, G., Cempt. rend., 180, 587 (1925); J. Soc* Chem. Ind., 689A (1922); Ann. Physique, 
4, 318 (1925), 
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E,M,F. of the order of 40 millivolts can be obtained, the irradiated electrode being 
ilegativc.®® 

Intensities of Various Lines <is Related to Their Origins. The physical tech- 
iii<lue8 described above have been applied to studies of the intensities of various 
lines and the results interpreted in terms of the probabilities of the occurrences of 
the corresponding transitions between energy states. These will not be discussed 
since the photochemist is more concerned with the broader features of the energy 
distribution of the spectral intensities within the various wave-lengths regions than 
with the physical theory of the intensities of individual lines. 



vmTTS /OO zoo SOO HQO C.H. 

too 6001tu.v. 

Figuixe 45. Variation in Total Radiation Emitted with Variation in Power Input 
(Coblentz, Long and Kahler, Bureau of Standards Scientific Papers), 


Data on the Output and Spectral Distribution of Quartz Mercury Arcs 

Hulburt found the total radiation from 6000 to 2300A from a quartz mercury 
lamp as measured with a thermocouple to be 1.54X10® ergs per second. This 
would be equivalent to about 50 quanta emitted per mercury atom per second were 
all the energy at 5000 A. Kiich and Retschinsky studied the spectral distribution 


also lmn>ri, S., and Takebe, T.. Sci, Papers^ Imt. Phys, Chem, Reseat th, Tokyo 8, 131 

( 1 92B) . 

«»Htilburt, E. O., Pkys. Rev., 31, 1109 (1928); 32, 593 (1928). 

Kiich, R., and Retschinsky, T,, Ann. Physik, 20, 563 (1906); 22, 595 (1907); see also FfltiKcr 
/hwi, 26, ^89 (1908); Athanasiti, G., Compi, rend., 178, 2071 (1924); Shoda, M., Japan. J. Physics 
% 27 (1934); Ch^M. Abs., 28, 4310 (1934); Koch, B., Ann. Physik, 33, 335 (1939). ^ ' 
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of the energy from mercury arcs. They determined the total visible intensity and 
the intensities of Individual visible lines by a flicker photometer, the ultraviolet by 
a photoelectric cell, and the continuous background by a photographic method. 
They also investigated absorption by mercury within the lamp.^^ Other early deter- 
minations of the energy distribution of this source were made by Ladenburg,^^ 
Hallwachs,^® Fabry and Buisson,'’^^ WintherJ® Allniand,"^® Souder,^^ Coblentz, 
Long and Kahler,'*'® and Coblentz and Kahler.*^® 

Coblentz, Long and Kahler give the variation of energy of wave-lengths less 
than 1,4ft as affected by variations in power input for a Cooper-Hewitt and an 
R.U.V. lamp, (Figure 45.) The experimental curves are closely represented by the 
formula E-KIV^, where for one lamp /if = 0.00462 and ;r= 1.83 and for the other 
= 0.000457 and jT = 2.314. 

Reeve pointed out that the early work could not be used for a calculation of 
the absolute amount of energy emitted at any particular wave-length. He gave an 
intensity wave-length diagram for a 100-hour old Cooper-Hewitt 110- volt lamp 
operated at 62 volts and 4.2 amperes. In his diagram each ‘line” was given a 
triangular form, the base of the triangle being the wave-length region included. 
This method was adopted since the monochromator slit employed transmitted a 
finite range of wave-lengths rather than just the line width. Reflection and absorp- 
tion losses, and tlie influence of compound lines, were considered.®^ For the relative 
energies of the mercury lines expressed in arbitrary units, he found the values given 
in Table 2. 


Table 2. — ^Relative Energy of Mercury Lines. 


Wave-length 

Intensity 

Wave-length 

Intensity 

248.5 mM 

7.1 

303 mM 

82.5 

254 

39.5 

313.5 

213.0 

265.5 

35.1 

334 

0.4 

270 

66 

366.5 

326.0 

275 

2.3 

406.5 

111.4 

280.5 

20 3 

437.5 

166.6 

290 

17.9 

559. 

189.0 

297 

32.7 

585. 

207. 


The early works contained some discrepancies in the ratios of the intensities of 
various lines. For example, Pfliiger found that of the yellow line to the green line 
to be 140 to 90, while Ladenburg gave it as 27.4 to 42.9. The source of this and 
other discrepancies was attributed by Reeve to the influence upon the relative 
intensities of various lines of the electrical conditions, dimensions and age of the 
lamp. 

A standard type commercial lamp run on 2.2 amperes and 10 volts per centimeter 
will deliver at an exit slit 40 x 1 mm. of a monochromator with 50 mm. objectives 

Kiich, R., and Retscbinsky, T., Ann. Phystk, 22, 852 (1907). 

Ladenburg, E., Physik. Z., 5, 525 (1904). 

Hallwachfi, W., Ann. Phystk, 30, 593 (1909). 

Fabry, C., and Buisaon, H., Compt. rend., 153, 93 (1911). 

'WsWinther, C., Z Elektrochem., 20, 109 (1914). 

TOAllmand, A. J., /. Chem. Sac. Trans., 107, 682 (1915). 

"Souder, W. H., Phys. Rev., 8, 316 (1916). 

Coblentz, W. W., Long, M. B., and Kahler, H., Bnr. Standards Sci. Paper, No, 330 (1918). 

TO Coblentz, W. W., and Kahler, H., Ibid. No. 378, 233 (1920). 

TO Coblentz, W. W., and Kahler, H., Ibid. No. 378, 233 (1920); see also Boll, M., Compt rertd., 
156, 313 (1913); 7. Chcm. Sac., 104. 182 (1913). 

80 Reeve, L., /. Phys. Chem., 29, 39 (1925). 

“Franklin. R., Maddifon. R.. and Reeve, L., Ibid., 29, 713 (1925). 
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and an aperture ratio 4.5, 8 x 10® ergs per second at 3660A and 4 x 10® ergs per 
second at 2800A, where the energy of a quantum is nearly a third greater.®® 

Beesley and JRidyard recorded the energy distribution of a Uviol lamp burning 
at 29.5 volts and 2,42 amperes, and compared it with the data previously obtained 
by Allmand,®^ as well as with the energy distribution of the quartz mercury lamp. 
Their data are not included here as this lamp is now rarely used in photochemical 
work. 



Figure 46. (McAlister, Smithsonian Miscellaneous Collections.) 

Atkins and Poole compared photochemical and photoelectric measurements of 
the radiation from a mercury vapor lamp. Andant and Lecompte recorded 
the relative intensities of the principal lines from the yellow doublet to 2536A 
emitted by mercury vapor lamps of various designs functioning under different 
conditions. For the same arc, the intensity of emitted radiation changes greatly 
with the arrangement of the apparatus, especially with the voltage at the terminals. 
For two different arcs and for the same spectral line, an identical variation in each 
lamp does not produce the same effect on the emission. 

•* Forbes, G. S., and Hairison, G, R., /. Am. Chem. Soc., 47, 24 49 (192 5). 

»» Beesley, E., and Ridyard, H. N., /. Phys. Chem., 32, 1342 (1928). 

WAllmand, A. J., /. Ckcm. Soc., 107, 682 (1915). 

^Atkins, W, R. G., and Poole, H. H., Sci. Proc, Roy. Dublin Soc., 19, 355 (1929). 

‘'^Andant, A., and Lecompte, J., J. Phys. Radium, 1, 65 (1930), 



OUTPUT OP THE MERCURY^rAFOR LAMP 


m 


The relative intensities of prominent lines in the ultraviolet have been studied 
by Coblentz, Stair and Hague.®'^ Absolute intensities in the visible and ultraviolet 
ranges have been recorded by McAlister.*® In Figure 46 are given tlie intensities 
of 32 lines at 250 mm. from a 20 mm. midsection of a 40Q-hour-oid Cooper-Hewitt 
direct current arc operated at high intensity (4.5 amperes and ISO volts). These 
values, expressed in microwatts per square centimeter may be multiplied by 7.1 to 
obtain approximate values for the full length of the arc exposed. Figure 47 gives 
similar ^ta for the same arc operated at low intensity (3.0 amperes and 44 volts). 



Figure 47. (McAlister, Smithsonian Miscellaneous Collections.) 


In the former case the vapor pressure of the mercury is approximately atmospheric: 
in the latter it is but a few millimeters. Microphotomeler curves of spectrograms in 
the region of the resonance line (Figure 48) show that even under low intensity 
conditions, the resonance line is partly reversed by absorption by mercury vapor, 
and that at high intensity conditions it is completely absorbed.*® The mercury arc 

Coblentz, W. W., Stair, R., and Hague, J. M., Bur. Standards J, Research, 8, 760 (1932). 

McAlister, E. D., Smithsonian Miscellaneous Collections, 87, No. 17 (1933). 

«®Wood, R. W., [Phil. Mag., 23, 689 (1912)] found mercury vapor to absorb its resonance line 
so strongly that a quartr bulb filled with mercury vaiwr at room temperature (vapor pressure 0.001 
nim.) casts a shadow when illuminated by this line alone. A thickness of 0.5 mm. reduces the 

intensity to one-third its initial value. This is not the only line absorbed by mercury vapor under 

arc conditions. C^rew, W. H., and Dawson, L. H., [/. Opt. Sac* Am,, 17, 261 (1928)} found some 

thirteen lines, Indudins two "‘spark lines" to show self-reversal. For further studies, see Hughes, A., 

and Thomas, A., Phys. Rev., aO, 466 (1927); Mohler, F. L., and Moore, H. R., /. Opt. Soc. Am., 
15, 74 (1927); Kopfermann, H., and Tietze, W., Z. Physxk, 56, 604 (1929), 
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usually employed apparently does not emit this resonance line. In the high intensity 
arc, the energy in this region is all due to the neighboring 2S34.8A line and to the 
continuous background. Four different arcs showed differences averaging 5 per 
cent for some lines, the maximum being 10 per cent for the 2537A line. 


r 



Figure 48. Microphotometcr Curves in the Region of the Resonance Line (From 
McAlister, Smithsonian Miscellaneous Collections) . 

Observations made with the aid of filters (Table 3) showed the distribution of 
energy into various regions. 


Table 3. — ^Distribution of Energy for Mercury Arcs. 


High Intensity, 

20 mm, of vertical arc 

Total vertical arc 

Total horizontal arc 

Low Intensity, 

20 mm. of vertical arc 
Total vertical arc 



1 

2 

3 

4 

s 


0.2-0.35^6 

.35-1 4/6 

1.4-19/4 

>19/6 

Total 

mew. cm.**® 

84 

167 

245 

68 

564 

per cent 

14.8 

29.7 

43.4 

12.1 

100 

mew. cm.**® 

600 

1130 

2710 

350 

4700 

per cent 

12.5 

23.6 

56.6 

7.3 

100 

mew. cm.~® 

615 

995 

2700 

370 

4680 

per cent 

13.2 

21.2 

57.7 

7.9 

100 

per cent 

3.0 

8.0 

81.7 

8.3 

100 

mew. cm.**® 

2.8 

7.7 

77.5 

8.0 

96 

mew. cm,^ 

19.8 

59.6 

704.8 

124. 

908. 

per cent 

2.3 

6.6 

77.6 

13.5 

100. 


Forsythe, Barnes and Easley liave compared the intensities, distribution, and 
output of ultraviolet radiation from the quartz mercury arc and several types of 

wPotsythe, W. E., Bamcs, B. T., and Easley, M. A., /, Opt Soc, Am,, 21, 30 <1931); 24, 178 

( 1 »). 
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‘*suti lamp'' (see Chapter 8), and Waguet**^ has studied the light emission of 
mercury arcs at high pressure. Other relative data, obtained with a spectrometer 
and thermopile with galvanometer, were given by Oguri.*^^ 

It has been shown that the spectrum of the light from a given mercury arc 
varies in character and intensity with the part of the lamp from which the light is 
emitted. The variation occurs because of irregularities in the thickness and curva- 
ture of the quartz envelope. For accurate spectrograph ic work, this source of crrpr 
may be remedied by inserting a plane quartz window in the side of the burner. 


I'tgure 49. 

Effect of Arc Voltage on 
Intensities of Line Groups 
(Johnson and Burns, Journal 
Optical Society of America)* 



Absolute line intensity and energy distribution data in high and low-pressure 
arcs were obtained by Johnson and Burns,®-* employing a method of photographic 
photometry (using as comparison a standardized mercury arc) developed by Stock- 
barger and Johnson. In this method, characteristic curves for the plates were taken 
for each line measured. Variations of the line intensity with current or voltage 
were measured on a quartz radiometer, and converted into absolute units by com- 


wwaguet, P., Compt, rend,, 201, 4 50 (1935). See also Kern. J., Z. tech, m (1938); 

Chem* Abs,, 32, 8929 (1938), and Larch^, K,, and Rossler, F., Phystk, Z., 37, 800 (1936); Chem, 
Ahs„ 31, 6549 (1937). . ^ . 

MOffuri, S., /. Chem. Jnd. (Japan), 38, Suppl. binding, 392 (1935); 39, 35, 143 (1936); Brtt. 
Chem, Abs„ B, 635 (1936). 

wTakabashi, T., and Dark, L. H., J, Set. Instruments, 6, 273 (1929), 

•* Johnson, L. B., and Burns, L,, J. Opt. Sac, Am., 23, 55 (1933). 
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pari$oti with the absolute values determined by photographic photometry at one 
current and voltage. 

The vertical type high-pressure arc had an arc length of three inches. The cur- 
rent was kept at 4 amperes by a hand-controlled rheostat and the voltage was main- 
tained at 45 volts by a voltmeter, photoelectric cell and an amplifier so arranged as 



Figure 50. 

Effect of Arc Voltage on 
Output in Four Spectral Re- 
gions (Johnson and Bums, 
Journal Optical Society of 
America). 


to control the voltage through the temperature by regulating a blast of air on the 
cathode of the arc. Table 4 gives the intensities of the visible and near ultraviolet 
lines. The low pressure arc was 22 inches long and was operated at 4 amperes and 
approximately 37 volts. 

Table 4. — Intensities of Visible and Near-Ultraviolet Lines. 

Intensity (watts X lO-Vram ® at 50 cm. 


Group 

Line 

r — ;; for 1 inch 

High-pressure arc 

of arc) 

Low-pressure arc 

Yellow 

r 5791 A 

0.102 

0.009 

L5770 

0.124 

0.010 

Green 

5461 

0.305 

0.057 

Blue \ 

r4358 

0.232 

0.053 

4348 

0.014 

0.0008 

1 

14339 

0.006 

0.0003 

\"iolet ^ 

r4078 

0 022 

0.0058 

L4047 

0.170 

0.042 

3660 J 

[3663 

0.075 

0.0068 

3655 

0.086 

0.0075 

1 

13650 

0.190 

0.0126 


Figure 49 shows the variation of the intensities of the line groups with arc 
voltage for the high-pressure arc carrying 4 amperes. The results confirm the data 
of earlier workers that lines of the same series (5461, 4358 and 4047, which give 
most of the radiation in their groups) increase in intensity together and retain their 
intensity ratios. 

By the use of filters, the total radiation was divided into four regions (A, 
14,000-40.000A; B, 3800-14,000A ; C, 2950-3800A; D, 1850-2950A) and the varia- 
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Figure 51. 

Effect of Arc Voltage on 
Relative Output in Various 
Regions (Johnson and Burns, 
Jomnal Optical Society of 
America), 



tions of the intensities of each with arc voltage are shown in Figure 50. The total 
radiation for the whole arc, including the electrodes, was determined m microwatts 
per square mni. at SO cm. The variation of intensity with the voltage is shown in 
Table 5. 

Table 5. — Variation of Intensity with Arc Voltage 

Arc voltage 80 70 60 50 40 30 20 

Intensity 10.74 8 60 6.50 4.43 2.72 1.57 0.888 


Figuice 52. 

Effect of Current on Inten- 
sities of Line Groups (Low- 
pressure Arc) (Johnson and 
Burns, Journal Optical Society 
of America). 



In Figure 51, the results secured arc expressed in terms of the variation of the 
per cent of the total radiation in each of these regions with arc voltage (at 4 
amperes). 
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For the low-pressure arc, the variation of the intensity of the groups of lines of 
Table 4 with the current at 37 volts, is given in Figure 52. The low-pressure ate 
was very sensitive to drafts and changes in room temperature. Immediately after 
a sudden reduction in the arc current, the total intensity went up, but alter ten or 
fifteen minutes came back to approximately the same value. If the arc was running 



Figure 53. 

Effect of Current on Out- 
T)ut in Four Spectral Regions 
(Johnson and Burns, Journal 
Optical Society of America). 


at 40 volts and a blast of air was played upon it, the arc voltage would decrease 
until a minimum was reached at about 36 volts. At this point, if the arc was further 
cooled, the voltage would again increase. The line intensity depended on whether 
the arc wa?5 running on the hot or the cold side of the minimum. The data in the 
figures were obtained on the hot side. 

The variations with arc current of the intensities of each of the four regions 
separated by the filters from five inches of arc are given in Figure 53 along with 
the total intensity (curve E). The latter is believed to be constant, the variation 
of the individual points from a horizontal line being ascribed to the sensitivity of the 
arc to varying ventilation. The effect of variation of the arc current on the energy 
distribution is given in Table 6. It is important to note that at 2.5 amperes, the 


Table 6. — Energy Distribution for Various Arc Currents. 


Region 

4.5 amp. 

4.0 amp. 

3 5 amp. 

3.0 amp. 

2,5 amp. 

14000-40000A 

12.3% 

13.0% 

11.9% 

11.0% 

9.9% 

3800-14000A 

53.9 

52.8 

50.0 

45.0 

37.8 

2950-3800A 

15.0 

13.4 

12.0 

10.3 

8.8 

1850-2950A 

18.8 

20.8 

26.1 

33.7 

43.5 

intensity of the 

far ultraviolet 

reaches the 

higli value 

of 43 5 per 

cent, and 


aj)pears likely that at lower currents, still higher percentages may be found, although 
the arc then becomes very unstable unless there is accurate temperature control of 
the surrounding air. Johnson and Bums also included data for the low-pressure 
arc in Uviol glass, and in UV 690 and UV 888 glasses. 
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Ow«n aii4 Wright have considered the effects of the position of the arc upon 
the spectroscopic analysis of the ultraviolet. Data comparing energy-emission for 
various artificial sources of ultraviolet radiation have been reported by van Wijk 
and Reerink,®® Greider®^ and by Krefift and Plrani,®® the latter dealing chiefly 
vvrith sources of infrared rays. 

Forbes and Leighton indicated the complex nature of the factors controlling 
the intensity of a given line and showed that for any line and current strength, the 
maximum intensity is proportional to the pressure, the slopes and intercepts vary- 
ing with the wave-length and internal diameter of the lamp. This relation was 
true up to five atmospheres in the constricted arc, but in a 9-mm. arc at high pres- 
sures the intensity increases less rapidly than the pressure. The latter phenomenon 
was attributed to the presence of a 3-mm. shell of absorbing vapor. 

Harrison and Forbes found that for a given power input, the intensity is 
much greater for high voltages and pressure and low current than it is for high 
current and low voltage and pressure. In Table 7 are given for the wave-length 
regions arbitrarily numbered in column 1 (including the lines in column 2) a rough 
estimate of the relative intensities of the various components of each group. The 
measurements were obtained with a speclroradiometer with a silver-bismuth thermo- 
pile. No corrections were made for reflection or absorption in the optical train, or 
for the effective slit-width. Only the relative intensities of single lines were 
measured. 


Table 7. — Relative Intensity of Various Wave-lengths. 




Relative 



Relative 

Group 

Wave-lengths 

Intensity 

Group 

Wave-length 

Intensity 

12 

selective quartz 

p 

9 

3663 

4 


radiation 



3655 

6 





3650 

10 

3 

11288A 

2 





10140 

5 

10 

3352 






3342 

. . 

4. 

6234 

1 





6152 

2 

11 

3132 

4 





3126 

5 

5 

5819 

3 





5804 

3 

12 

3026 

1 


5790 

3 


3024 

2 


5769 

6 


3022 

2 


5461 

5 

13 

2804 

1 

7 

4539 

5 





4348 

5 

14 

2700 

2 

8 

4078 

3 

15 

2537 

2 


4047 

3 

16 

2438, etc. 

1 


Also, it was pointed out that the intensity of any line increases linearly (at 
constant current maintained by varying the ventilation of the arc) as the voltage 

««Owea, E. A., und Wright, P., Brit, 7. Radiol., 5, 330 (1932). 

«»vattWijk, A., and Reerink, E. H., Physica, 13, 289 (1933). 

•wCreidcr, C. E., Ind. Enff. Chem., 23, 508 (1931). 

»«Krefft, H., and Pirani, M., Z. tech. Physik, 14, 393 (1933). 

G. S., and Leighton, P. A., 7. Opt. Sac. Am., 12, S3 (1926) 

Harrison, G. R., and Forbes, G. S., 7. Opt. Sac. Am,, 10, 1 (1925). 
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gradknt is increavsed beyond a limiting value which varies with the individual line 
and the current Table 8 shows for the numbered groups the ratio of the intensities 
to that of the yellcm^-green lines (maximum or group five) for various voltages at 
2.5 amperes. The energy of the 3660 line was found to be increased 17.1 times by 


Table 8. — Relative Intensity of Groups to Yellow*Green Line. 

Ratio to Maximum Five (Yellow-green Lines) 

/ at 


Maximum 

S Volts 

7 Volt.s 

9 Volts 

11 Volts 

14 Volts 

3 

0.347 

0.337 

0.359 

0.375 

0.402 

5 

1.000 




.... 

7 

0.725 

0.738 

0.655 

0.600 

0,562 

8 

0.375 

0.474 

0.407 

0.369 

0.345 

9 

0.909 

1.100 

1.120 

1.080 

1.050 

10 

0.587 

0,705 

0.638 

0.545 

0 545 

12 

0.173 

0.279 

0.303 

0.332 

0.329 

14 

0.013 

0.147 

0.168 

0.166 

0.165 

15 

0.013 

0.170 

0.180 

0.171 

0.165 


a 3.5ToId increase of the voltage gradient (from 4 lo 14 volts per centimeter). Also 
it was stated that at 4.5 amperes and 25 watts per centimeter, only half as much 
energy will go into the yellow-green maximum as will when the current is 1.5 
amperes and the voltage three times as great. For high efficiency, the arc should be 
cooled as little as possible. The ratio of intensities of any two lines of the same 
series was essentially constant. 

The average arc shows the smallest change in energy distribution for a given 
variation in total intensity when the pressure is as high as possible. As this is the 
condition of greatest intensity of all the maxima, the best operating conditions seem 
to comprise as high a pressure and voltage drop as is consistent with the life of 
the lamp and with its mechanical structure. 

Asada proposes for the relation between the light intensity, the current and 
the potential difference, the expression, G — kI{V-~a)^, where G is the light 
intensity, k a constant, 7 the current, V the potential, a is a lamp constant deter- 
mined as the least terminal voltage, and n is a constant for any given wave-length. 
The relation holds for both alternating-current and direct-current lamps, effective 
values being used in the former case. The value of n depends upon the type of 
current used. 

Harris found that there is a great outburst of ultraviolet energy from a cold 
lamp immediately after striking the arc, the current then having a maximal value 
and the resistance and voltage minimal values. This initial flare is quite evanescent, 
being followed by a sudden fall to the real onset of the i)ermanent vaporizing and 
incandescent period. The latter begins after the first minute of arc striking has 
elapsed.^®^ During the next two minutes, the voltage doubles and the lamp warms 
up, raising the vapor to incandescence. In the second and third minutes, a precipi- 
tous rise in emission occurs, the slope of which can be affected by controlling the 
temperature of the lamp. A blast of air causes the emission to rise slowly to its 
final value. A parabolic reflector behind the lamp reduces the rate of cooling on 
one side, so that incandescence is reached more quickly, but the emission falls again 
to a level slightly below that of the lamp under normal conditions in still air. For 
a constant source, the arc with a fan directed upon it, is to be chosen. Under these 

T., 7. Elec. Eng. Inst. (Japan), 51, 36 (1931); Ckem. Abs., 26, 1522 (1932). 

Harris, D. T., Rev. Set. Instruments, 6, 2 (1929). 

^ See also Watters, B. D., Brit. J. Radiology, 81, 163 (1924). 
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conditions, devitrification and discoloration of the quartz is rednccd, avoiding the 
rapid fall in efficiency most marked in the extreme ultraviolet. Figure 
shows in the left half the changes (on starting the Uviarc) which occur i© the 
total energy, energy of the arc and electrodes, and arc alone, the latter only being 
concerned with the emission of the mercury lines. The right half of the figure 
shows in heavy lines the effect of cooling the arc on the increase of current, the 
energy expended in the arc, electrodes and arc and the total watts. In lighter lines 
are shown the corresponding effect of increasing the series resistance. Haddock 



I)lotted arc watts — intensity variation curves for temperature variation of the air 
surrounding the burner, and tabulated absolute intensities for thirty lines between 
7000 and 2300A. 

Means for Increasing thf Output of the Resonance Line 

To issue from the lamp the light of the bright radiant axial thread must first 
penetrate the envelope of vapor and undergo absorption. To obviate this absorp- 
tion effect the temperature of the envelope may be reduced thereby lowering the 
vapor pressure. This can be effected by cooling with water, but owing to conden- 
sation of mercury vapor, a coating of mercury may form on the inside wall of the 
lamp and prevent the issuance of light. Another method of preventing the limita- 

^0* Buttolph, L. J., Mev, Sci. Instruments, 1, 497 (1930). 

^Haddock. A. J., Proc. Phys. Soc. (London), 47, 424 (1935). 
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ticm of the oiitput hy absorption, used particularly in lamps for the study of 
resonance phenomena where a strong emission of the resonance line is required, is 
based upon deflection of the arc toward one side of the tube of the lamp by 
means of an electromagnet. This operation is said to raise the temperature ™ 
tube at the place where the arc is applied, thus burning an aperture in the film 
resulting from condensation. ' The light of the deflected radiating arc will issue 
through this aperture without having penetrated an absorbing layer of mercury 
vapor. Figure 55 shows the construction of this apparatus. 



Fi(3ure 55 . 

Kerschbaum’s Apparatus for 
Magnetic Deflection of the Mer- 
cury-vapor Arc. 


The brass block (b) has a vertical bore; into this are soldered two tubes (r) 
having branches (w) for receiving and discharging the cooling water. Into this 
vertical cooler is inserted a quartz mercury-vapor lamp (1), which is fastened 
above and below by means of bored rubber stoppers (d). The quartz lamp is a 
vertically burning lamp, which is of the simplest and most compact construction 
possible. As leading-in members for the lamp, ground-in nickel-steel pins (n) 
serve. Only the metal of the lower electrode (cathode) is mercury. The anode 

lo® tcrschbaum, F., U. S. P. 1,118,868, November 24, 1914; Chem, Ahs., 8, 2315 (1914). 
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is a piece of carbon (c) screwed on the end of the tippet nickel-steel pin* The 
brass block (b) has in addition two lateral, horizontal, threaded bores. By means 
of these apertures the ends of two iron rods (m) arc; screwed up dose to the wall 
of the lamp; over these rods are pushed coils of wire (e). Each of the two coils 
has 200 turns of covered copper wire of J4 ohm resistance; the current employed 
is 2 to 3 amperes. The electromagnets so formed produce lines of force at right 
angles to the axis of the lamp. The block (b) has another horizontal bore (f). 
This passes through only the rear half of the block and can be closed by a quartz 
plate. When the lamp is burning and the electromagnets are so connected that they 
deflect the arc to the rear, the light will issue through the bore (f) and enclosing 



Figure 56. Diagram of the constricted arc, arranged for pressures up to five atmos- 
pheres and currents from 0,2 to 2.0 amperes. The inserts show at A' the modified 
form of the constricted portion, arranged to water-cool the hot column so that cur- 
rents up to 5,0 amperes could be used, and below the enlarged ends arranged for 
work at atmospheric pressure (Forbes and Harrison, Journal of the Optical Society 
of America), 


quartz plate. The arc is drawn by rotating the lamp into its horizontal position. 
Tanberg has studied the physical phenomena involved in the passage of a mer- 
cury arc at low vapor pressure in a magnetic field. 

The Constricted Arc. In these arcs the non-luminous portion of the arc 
is eliminated by making the tube of such narrow diameter that it is practically 
completely filled by the narrow luminous thread. They are usually laboratory 
made, and may be operated at pressures up to about 5 atmospheres, but are com- 
paratively short-lived. Harrington described a lamp operated on 25 volts 


Tanberg, R., Hature, \.2A* 371 (1929). See also Fabrikant, V. A., and Rdkhlin, G., CompL tend, 
acad, eel U,k,S,S., 19, 393 0938); Chem. Abe,, S2, 8256 (1938). 

^Harrington, E. L., J, Opt, Soc, Am,, 7, 689 (1923)v 
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Current (10 volts per centimeter), yielding a brilliant light of capillary tube 
dfenensions.*^ Vincent and Biggs described an arc with a 0.3 mm. column, 
0pen to the air and carrying 0.1 to 0.16 ampere at 100-150 volts; it had low current 
capacity, Harrison and Forbes designed two special lamps. The first of these 
(Figure 56) had in A a bent tube 63 mm. long, of 2.0 mm. bore and 7 mm. external 
diameter. It extended between two mercury reservoirs, one at a higher level than 
the other. The one at the higher level was made negative, so that it would not fall 
as the result of the transfer of mercury by the current. The tubes (B and C) of 
S mm. internal diameter joined the ends of the arc tube to capillaries DD of 0,5 
mm. bore and 11 cm. long. Their purpose was to restrain oscillations but they 
were large enough to carry 5 amperes without undue heating. These were bent 
through 135®, and joined to parallel tubes, E,E, of 8 mm. bore and 20 cm. long, 
mounted on a grooved strip of wood. By supporting the lamp so that BAC sloped 
down and EF sloped upward, the latter could be boiled out in a few minutes 
through the capillaries and beyond by means of a Bunsen burner, no pump being 
needed. The open ends of the lamp led to short steel tubes FF soldered to leads 
GG of a SSO-volt dynamo run by an induction motor. Arrangements were 
described also for operating the lamp under higher pressures obtained by means 
of a tire pump. At higher pressures this lamp was much more effective than arcs 
of greater section. 

In a modified form the constriction was made only 38 mm. long, the ends of 
the tubes were open to the atmosphere and enlargements L,M, retarded changes in 
level due to the transfer of mercury. By putting the ends of a long U trough 
under the end of L and above M, the mercury transferred to the cathode trickled 
down the trough to the anode and made the operation automatic. Three amperes 
were required; for currents greater than 2 amperes, the constriction must be 
water-cooled. 

In Table 9 the effect of variations of voltage and current upon the pressure 
in and the intensity emitted by such a constricted arc between 3650 and 3663 A are 
listed. A 15-fold variation w^as made in the current and in tlie voltage, but not 


Table 9. — Effect of Voltage and Current on Arcs. 


Prcssuic, mm. 

Volts per cm 

Ampet f*s 

Watts pei mm ■ 

88 

11.7 

0.33 

7.00 

654 

28.4 

0.33 

39.0 

3920 

57.6 

0.33 

268 

29 

7.4 

1.00 

15 0 

208 

13.8 

1.00 

43 0 

664 

21.4 

1.00 

137. 

1398 

28.2 

1.00 

392. 

752 

21.7 

3 02 

940 

752 

27.8 

400 

2090 

752 

29.5 

5.00 

2600 


in these simultaneously; the result was a 160-fold variation in pressure and a 
400-fold variation in the intensity of the 3660 line. The authors gave graphically 
the intensity vs. voltage-gradient curves at one ampere for six different wave-length 
maxima, as well as at 0.33 ampere (12-58 volts per cm.) for pressures ranging 
from 0,1 to 5 atmospheres. The first arc constructed had a section of 50 square 

Harringrton, E. L. Sec al»o Phil. Mag., (7) 4, 836 (1927). 

Vincent, J. H., and Biggs, G. O., /. Sci. Instruments, 1, 242 (1924). 

Harrison, G, R, and Forhes, G. S.. 7. Opt. Sac. Am., 11, 99 (1925); J. Am Chem Sac., 47, 

(1925). 
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hmh., a later one of al>out 3. The curves for the first showed a sharper bend and 
a straigfhtcr upper portion; those of the constricted arc showed a more uniform 
curvature. The curves for the larger arc bent and began to ascend steeply about 
6 volts per cm., but in those of the constricted arc this occurred at about 20 vplts 
per cm. There was no evidence of a decrease in efficiency as the pressure increased 
up to five atmospheres. 

The absorption of all lines, especially of 2S37A, the shortest mercury arc line 
of sufficient intensity for general use in photochemical work, was diminished in the 
constricted arc, This line could be kept at constant intensity by tripling the 
current from 0.33 to 1,00 ampere, and cutting the voltage down from 62 to 32 
volts per cm.> thereby reducing the pressure from 4000 to 1500 mm. The greatest 
advantage of this type of arc seemed to He in its high internal resistance, giving 
higher efficiencies at normal pressures, so that an increase in current becomes more 
nearly equivalent to an increase in voltage in the production of higher intensities. 
There was a tremendous relative increase in the 3663A line at high currents, while 
all the ultraviolet maxima except that at 2537A showed higher relative values at 
high currents. 

For studying reactions with very low photochemical yields, there is required a 
source giving very great light intensities with at the same time a high degree of 
spectral resolution. These requirements were most nearly met by a portable con- 
stricted arc between two mercury surfaces, confined in a water-cooled quartz tube 
of 2 mm. internal, and 7'mm. external, diameter, 38 mm. long, with its ends open 
to the atmosphere. This lamp could be repaired easily and could be refilled and 
boiled out in ten minutes. There were no sealed-in leads to fail, no possibility of 
damage on reversing the j)olarity, and no tungsten electrode to sputter, the latter 
being a chief cause of the decrease in ultraviolet output of other arcs.^^^ The con- 
stricted arc furnished (per square millimeter of exit slit of a monochromator) 
energy dux up to 30 limes that available from a commercial lamp run at normal 
rating. 

A further modification was designed by Leighlon and Forbes to combine 
as fully as possible the long life of large diameter arcs with the high intensity of 
the constricted arc. The logs of an inverted U of 6 mm. internal diameter dipped 
into mercury reservoirs left open to the atmosphere. A 5-mm. capillary, nearly 
filled with an iron wire, attached to each arm of the U rendered oscillation neg- 
ligible. The electrodCvS were water-cooled, and by adjusting the relative heights of 
the water and electrode surfaces, mercury transfer was neutralized. The distri- 
bution of the energy flux (determined by the aid of a monochromator and thermo- 


pile) is given in 

Table 10. 





Table 

10 — ^Distribution of Eneigy Flux. 



A 

Ergs/sec. mm.^ 

10,140 

325 

5770 4350 4060 3660 3130 
910 490 360 900 610 

3020 

420 

2800 

100 

A 

Ergs/sec. mm.® 

2700 

150 

2540 

99 




Crist gave directions for making an arc that will run at 4 to 4,5 amperes 
and 20-25 volts per centimeter for over thirty hours with fairly constant intensity. 

^ Fabry, C., and Buisson, H., Compt. rend., 153, 93 (1911), 

Leighton, P. A, and Forbes, G, S., 7. Am. Ck(*m. Soc., 51, 3550 (1929). 

Crist, R. H., 7. Am. Chem. Soc., 52, 4337 (1930). 
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Hift later |)tit a transverse magfnedc field across the arc to displace the lattet to 
the back wall^ thereby decreasing devitrification at the front wait Other capillary 
inereury-vapor lamps have been described by Heidt and Daniels, by Heidt and 
Forbes/^^ and by Hoffman and Daniels.^^® The model of Forbes and Heidt 
eliminated cemented joints and the objectionable capillaries used in the earlier 
lamps to chedc mercury oscillations. Quartz tubing of 8-mm. internal diameter was 
used* Figure 57 is an axonometric view of the device, which was about 30 cm. in 
height One feature of the apparatus is the tapered “Pyrex’^ plungers P, ground into 
tapers in the quartz walls at J. After the lamp is filled, these plungers are lowered 



Figure 57. 

Quartz Mercury-vapor Lamp of Forbes and 
Heidt {Journal American Chemical Society), 


until oscillations of mercury are negligible, but the plungers are not lowered quite 
enough to close the joints completely; otherwise the lamp will melt or blow up. 
Tungsten wires W are sealed into the ends of the plungers, and when the latter 
arc filled with mercury, a current path of negligible resistance, incapable of arcing, 
is provided. The two tubes U stand in open rectangular copper tanks (not shown), 
about 160 mm. (right) and 60 mm. (left) deep. Obviously, the length of either 
side of the arc (in one case, ISO mm. from M to Mj) can he changed by varying 
““Crist, R. H., J. Am, Chem, Soc., 54, 3939 (1932). 

““Heidt, L. J., and Daniels, F., J. Am, Chem. Soc„ 52, 21SX (1930); 54, 2381 (1932), 

Heidt, h, J., and Forbes, G. S., /. Am, Chem. Soc„ S3, 4349 (1931), 

Hoffman, R. M., and Daniels, F., J, Am, Chem 4 Soc,, $4, 4226 (1932). 
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the depth of the oorrespondjug tank. Tubes soldered in, top and bottom, permit 
rapid circulation of water. 

The lamp is filled and boiled out through the tap^T, provided with a ground-in 
quarta plug G held down by the lead weight L and scaled with mercury. The tap 
is bent 30® from the vertical, to prevent hot air ascending during operation from 
distilling the mercury out of the lamp. After closing the circuit through a suitable 
resistance, the arc is started by holding a flame below T. This arc sinks to the 
water surfaces, and operates at 3.5 amperes and 170 volts. As a much larger 
amount of mercury is displaced on the cathode side, the enlargement at E is neces- 
sary to accommodate it. As the mercury distils from the hot cathode to the cooler 
anode, it returns by the bridge B, which has a dam D to break up the trickles into 



Figure 58. Spectral Energy Distribution Curves for the Constricted Arc (Forbes and 
Harrison, Journal American Chemical Society), 

drops and thus avoids momentar> short circuits. With a steady source of current, 
and nearly constant barometric pressure and ventilation, the total variation in 
light intensity over considerable periods seldom exceeds 3 per cent^^® 

Forbes and Harrison presented a wave-length vs. energy curve (Figure 58) 
for a constricted arc in a water-cooled quartz tube of 2 mm. internal and 7 mm. 
external diameter, 38 mm. long with its ends open to the air and running on 3 
amperes and 90 volts. A monochromator was used as a spectroradiometer. The 
lower curve, showing greater resolution, was obtained with an entrance slit of 0.1 
mm., and the upper one with 1 mm. In the latter case, 140 ohms resistance was in 
series with the galvanometer and thermopile so that 1.0 cm. deflection corresponded 
to 1.50 microwatts per square millimeter at the exit slit. In the lower curve, 0.36 
microwatt was the corresponding figure, Alotig the wave-length axis are short, 

a gmjple magnetic method of starting this lamp, see Wilson, L. D., J, Am. Chem. 88» 
856 (1830. 

0. S., imd Harrison, (3. R., /. Am. Chem, 47, 2448 (1825). 
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lines indicating the number and approximate relative intensities (in a given 
gVCup) of the various lines making up each maximum, as determined from a 
spectrogram of the light from the arc taken with an instrument of higher resolving 
power; the weaker lines are all relatively fainter than indicated. At the highest 
intensities used with the constricted arc, 490 microwatts per square millimeter of 
approximately monochromatic light of 3660A were issuing from a monochromator 
slit 1 X 40 mm. or a total energy flux of about 196,000 ergs per second. Elenbaas 
has described a water-cooled constricted arc which operates under mercury pres- 
sures of 5 to 25 atmospheres. 

In working with laboratory-made lamps, caution mtist be taken to avoid mercury 
poisoning. Attention was directed to the insidious onset of mercury poisoning 
and to the difficulty of cure by Stock, who described details of hygienic measures 
which should be taken in laboratories where work with mercury is conducted. 
Stock asserted that 0.01 or 0.001 mg. daily produces disturbances of the health. 
His waniing excited considerable comment, much, but by no means all of which, 
was confirmatory. The importance of the matter makes thorough toxicological 
studies highly desirable. Aside from the question of toxicity, there is a recorded 
instance of the explosion of a quartz mercury lamp, filling the laboratory with dan- 
gerous vapors and igniting nearby flammable material 

A discussion of the impurities of mercury and the methods recommended for 
purification of the latter has been given by Booth and Jones, who also describe 
in detail an unbreakable still capable of distilling thtee to five kg. of mercury 
per hour. 

Water-Cooled Arcs. It possible to lessen the absorjilion of the reso- 
nance radiation within the lamt) by converting the latter into a low pressure arc 
by immersing the cathode in water. This procedure is not recommended in the case 
of commercial arcs. This caution does not. however, apply to those arcs, chiefly 
sold for therapeutic applications, which are designed for water-cooled operation. 
The arc is in this case operated with practically the same high voltage, high pres- 
sure and medium current density natural for air cooled arcs. 

A design of a mercury-vapor lamp yielding nearly ‘‘cold light” is described by 
Billon-Daguerre, Medard and Fontaine.^^^* The lamp is in the form of an inverted 
U-tube and is made of fused silica. Electrodes of Invar enter the ends (^f the tube. 
A short intense arc is formed at the bend of the tube between the columns of mer- 
cury on either side. The lamp is enclosed in a transparent silica flask (the wall of 
which is paraboloidal and silvered to act as a reflector) and is immersed in a tank 
of water. The light is concentrated by the mirroi and emerges through a silica 
window in the tank. The lamp consumes 18 amperes, either alternating or direct 
current at 70 volts, and yields 3000 candlepower. The light can be used for micros- 
copy and projection work without heating the specimens or celluloid films. The 
mercury lamp is said to possess an advantage over the carbon arc in that the 


Elenbaas, W., J^ev. optique, 15, 343 (1936), See also Harada, T., and Azum.'i, 
Mafh, Soc, Japan, 19, 677 (1937); Chem Ab^., 31, 8365 (1937); Egypsull Tz/olamna 
R. T., British P. 482,070, March 23, 1938; aiem. Abs , 32, 6562 (1938), Bol, C., 
214 (1937). 


T, Proc. Phys,- 
es Vtllamoss^i 
Phys, Rev., W, 


■*^Stock, A., Z. angew. Chem, 39, 461, 984 (1926); 41, 663 (1928); Btochem. Z., 216, 243 (1929). 
Schmidy, A., Z, angew. Chem., 39, 786 (1926); Pmeus, G., Ibid, 787; Reihlan, H,, Thtd. 788* 
Wolli* Ibid,, 789; Buska, Ibid., 790 (1926); Hoffmann, P, G., Chem. Ztg.. 50, 927 (i926)* 
HoUamann, Z. angew. Chem, 40, 438 (1927): Winderbeh, R., Chem Ztg., 52, 629 (1928): Kroner W' 
Chem. Ztg., JU, 121 (1928); Podrouzek, R. N. V., Chem. Listy, 22, 529 (1929). * * 


Mechlin, F. J., Ind Eng. Chem., 19, 859 (1927). 


*®*iBo<Jth, H. S., and Tones, K. C., Ind. Ena. Chem., 19, 104 (1927). 

*®^1ttinon-Dagucrre, A. h., Medard, L., and Fontaine, II., Compt. rend., 157, 921 (1914). 



125 


&UTPUT OF THE MERCURY-VAPOR LAMP 

luminous point remains fixed and requires no regulation. Application of such 
lamps to water sterilization and submarine photography has been suggested. 

Bates and Taylor developed a cooled arc of C^Q2P ^Tyrex” glass with tung- 
sten leads. Through the center were two concentric quartz tubes, Rt and Rg 
(Figure 59). Ri is the reaction vessel for photochemical changes while Rg is a 
water-jacket to prevent Rj from becoming overheated by the action of the arcs. 
Outside, the glass .system was scaled to quartz by rubber tape and by Gooch 
crucible tubing, wired and shellacked to permit operation of the arc at lOO^C. 
The seals were protected by coils of lead pipe D carrying cold water. N is the 
negative electrode and A,B,Ci and Cg are all positive. N and A are tungsten leads 
covered by just enough mercury to cause the two surfaces to come together on 
jarring. An arc is formed which jumps to B, a nickel cone welded to tungsten. 



This serves as an electrode and also deflects mercury vapor from N against the 
walls of the bulb, kept in a water bath. This regulates the vapor pressure in the 
arc to that of mercury at the bath temperature. The arc can be brought up to 
the electrodes Ci and Cg by breaking dowm the space charge by an induction coil, 
the secondary of which is shown at I. Cj and Co are two cylindrical nickel elec- 
trodes. The potential necessary depends to a large extent on the geometry of the 
arc. Rg is 2.5 cm. in diameter and 45 era. long, 1 .5 cm. by 37 cm., the surround- 
ing glass arc being 40 cm, by 5 cm. The side tubes containing Ci and Cg are 3.5 
cm. in diameter and 5 cm. long. The side tube with bulb and mercury reservoir is 
30 cm. long and 3.5 cm. in diameter, while the diameter of the bulb is 6 cm. This 
has a drop of 35 volts from and Co to N when running at 18 amperes. The 
slide- wire resistances are of such size and capacity that the current from A to N is 
0.5 ampere, B to N, 5 amperes, and from Cj to Cg to N up to 10 amperes each. 
Cl and Cg must have separate resistances or the current would flow entirely to one 
of them, giving an unevenly distributed discharge. After the arc has been started, 
B may be disconnected, but A should remain in the circuit to insure a steady arc. 
Due to leaks around the seals, the arc can be run only with a mercury pump in con- 

Bates, J. R., and Taylor, H. S.. /. Am. Chem. Soc., 49, 3438 (1927). 
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operation. If the arc is run with air in too large quantity, not only do the 
electrodes become oxidized, causing the arc to emit a pink glow, but the mercury 
tends to Wet the glass between A and N making it impossible to start the arc. 
Wlien the arc is first set up or after a long period of disuse, tlie nickel electrodes 
must be degassed by the passage of a current greater than that ordinarily used. 
The temperature of the water in should be kept above that of the bulb to pre-- 
vent distillation of mercury from N, which would cut down the light. 

A water-cooled lamp of the mercury anode type is in extensive use for medical 
work. The cooling serves to protect the tissues from the heat of the arc, so that 
it 1 $ possible to secure a high intensity of ultraviolet, particularly in the short-wave 
region, by reducing the distance between the source and the area treated. The 
lamp has a U-shaped quartz tube, A^ the bend of which is in a plane perpendicular 
to the plane of the arms. (Figure 60.) The tube carries on the ends two mer 


d 

a 


Figure 60. Kromayer Lamp. 



cury containers BB at right angles to the plane of the arc tube, and these consti- 
tute the electrode vessels to which the current is conducted by ground-in mercury- 
sealed rods CC. The arc is formed in the portion of the tube which is surrounded 
by a jacket of quartz, so shaped as to maintain an approximately equal distance 
between the walls of the tube and the envelope, to make the cooling uniform. The 
space is filled with a suitable gas, the thermal conductivity of which affects the 
electrical characteristics of the are.^^s Between this jacket and the outer housing 
of the apparatus, water is circulated. The light is emitted through a quartz 
window in front of the casing, after passing through a layer of water. The com- 
pact form made possible by this construction, known as the Kromayer, is 
advantageous for many purposes. A form with a double anode for alternating 
current operation also has been prepared. 

Other manufacturers, notably the Burdick Corporation, employ the Uviarc as 
the source for a water-cooled lamp. The infrared rays are removed by a sealed 
quartz filter cell containing pure water. The cell is incompletely filled to permit 


Anderson, W. T., Jr., U. S. P. 1,749,994. March 11, 1930 (to Hanovia To.); 
S^. 6, 1928; French P. 638,802, Aug. 3, 1927; British P. 356,056, Sept. 3, 1931. 
Ip tianovia Chemical and Manufacturing Co. 


British P, 296,527, 
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expansion of ttie water as the lamp heats up. A stream of flowing water surrounds 
the filter Oell and serves to cool it. This stream of water does not come into contact 
with any quartz surface through which the rays must pass, eliminating any Ipss of 
transparency due to the deposition of solids. An air-space between the filter-cell 
and the quartz face of tlie lamp further eliminates heat by conduction. See Figure 
61. An automatic shutoff to protect the lamp when the water flow fails has been 
described by Piatti.^®<> Another liquid-cooled lamp for photochemical work is due 
to Goltstcin.^^^ 


Figure 61. 

Ever-Clear Window of Burdick Water- 
cooled Lamp. Cross Section: Side View. 
1. Quartz outer face. 2. Air space to 
eliminate heat by conduction. 3, Fused 
quartz window. 4. Lens of distilled water 
to filter out infrared. 5. Evacuated space 
to allow for expansion of water. 6. Soft- 
metal case to protect the quartz window. 





The Deterioration of Quartz Mercury Arcs 

Deterioration of the lamps was a serious problem to the earlier manufacturers 
of mercury arcs. The literature is filled with many observations of lamp failure. 
Poorly constructed lamps caused some of these. Others were inaccurate because 
of the use of unsatisfactory actinometric methods for measuring the output. 

In early lamps, Coblenlz found that the percentage of the total radiation shorter 
than 4500A decreases from an initial value of 70 per cent to about 50 per cent after 
1000 to 5000 hours. This included the strong groups of lines at 4360 and 4060 A. 


wopiatti, L.. Phytik. 2., 31, 182 (1930). 

i«GolMem, E., U. S. P. 1,669,819, May 15, 1928: Ckem. Abs,, 22, 2296 (1928). For a recent 
ineacpeiiBive sov»rce of mercuiv te«^onance radiatum of high intensity, sec Steacie, E. W. R., and 
Philfipa, N. W. F., Can. J. Research, 16B, 220 (1938). 


M*See, e.g,, Bordier, H., Arch, Elec, Med,, 1910, 396; Courmont, J., and Hoffter, T., Compt, rend,, 
152 , 1746 (1911); Iflummaiing Engineer, London, 4 , 503 (1911); Le Btm, G., Compt rend,, 153, 49 
(1911); Moss, J, E., and Knapp, A. W., J, Soc, Ckem. Ind,, 44 , 453 (1925). 
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The total output 4iscrea®ed to about oue-balf to one-third of its initial value.^*® 
l^etmopile observations showed no marked difference in the proportion of ultra^ 
violet einitted during the first SOO hours of use. The data of Table 11 represent 
the output as measured in galvanometer scale deflections. 

Table 11. — Effect of Age upon Radiation. 

Age in hours 0 97 177 343 450 522 640 783 959 1064 1140 

Total radiation 

bdow 14,000A 1611 1497 1503 1380 1033 910 1104 1107 1069 1025 1034 

Ultraviolet less 
than 4500 A as 

% of total 69.4 67.8 60.4 ... 59.9 58.2 54.8 52.3 50.8 ... 49.1 

Nelson^*'* found that a burner (Curve A, Figure 62) which had been used 
for SOO hours had lost none of its effectiveness in testing ageing on paints. Another 
burner, B, was first used for 1600 hours, at which time its effectiveness had 
decreased markedly. The deposit on the surface of the quartz was then removed 



0 5 10 15 20 25 30 

Figure 62. (Nelson, Proceedings American Society for Testing Materials.) 


as far as possible by heating the quartz with a blast burner and tlie lamp again 
used for 250 hours. The relative intensities of the two burners A and B in the 
r^ion shorter than 3100A were found to be in the ratio of 1.7 to 1 when used at 
220-240 volts and 6.5 amperes, indicating a decrease of about 40 per cent for the 
old burner. 

Reeve found by physical methods that 500 hours of use caused a decline in 
the intensity of a commercial lamp at 2540 A of 60 per cent and of the 3660 A lines 
of 28 per cent. Thus, the decrease is most marked in the extreme ultraviolet. It 


187, 112 (1919); Bureau of Stand- 

Nelson, H. A., Proc. Am. Soc. Testing Materials, 22, II, 485 (1923). 
mMeevt, t., /. Phys. Chem., 29, 39 (1925); Canliffc, P. W., Ftanklin, R., Maddbon. R., and 
Ibid., 30, 1427 (1926). 


»»» Coblentz, W. W., I.ong, M., and KaWer, H , J. Prank. Inst., 
ards Sci. Papers, 330 (1918^). Note also Sa. Papers 378 and 495. 
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was believed that for arcs employed in quantitative work in the region 2480 to 
2890A, the energy distribution should be determined every 200 hours. The energy 
in this region was thought to be considerably reduced during the first 500 hours. 
The 248SA line sonktimes disappeared within 100 hours and the 2500, 2340, 2370 
and 2400A lines were inefifective after less than 50 hours. Similar observations 
were recorded by Gillam and Morton, who believed that after a rapid fall in the 
output of the extreme ultraviolet in the first 150 to 200 hours, the output becomes 
fairly constant. After this first change, there occurs a slow nonselective los6 in 
transmission of the burner. The first efifect was thought due to the formation of 
SiO vapor inside the lamp and the second to the gradual deposition of a film of 
opaque silicon* 

Hanovia lamps (Luxor B Alpine Sunlamp) are said to drop to 80 per cent of 
their initial emission in the first 300 hours, after which they remain fairly constant 
showing 73 per cent after 2000 hours. 



Figure 63. Rate of Deterioration of Constricted Lamp (Forbes and Harrison, 
Journal American Chemical Society). 


Flynn suggested that for a 220- volt lamp, an increase in the voltage at the 
rate of two volts per 100 hours of operation would compensate for the ageing loss. 

Kolbert^®® proposed a circuit with variable resistance coil or tapped trans- 
former and control switch marked on the dial so as to operate a lamp at 140, 150, 
155, 160, 165 and 170 volts after 100, 250, 400, 600, 800 and 1000 hours, respec- 
tively. The manufacturers of the Uviafe recommended that during the first 500 
hours the voltage be increased 3 per cent each 100 hours. 

Devitrification in quartz plays only a secondary role in ageing* according to 
Meyn.^®® There is a black deposit on the inner surface, a part of which can be 

Gillam, A. E., and Morton, R. A„ Phil Mag,, 1123 (2928). 

Flynn, O. R., Am. Dyestuff Reptr., «, 837 (1923). 

>«Kolbert, J. W., British P. 413,921, July 26. 1934, to British Hanovia Co„ Ltd. 

M»Meyn. W., Z. wiss. Phot., 34S (1927); Brit. Cftem. Abs., 677, B (1928). 
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mbbefi o& or removed by acids. Another deposit penetrated to a depth of OJ mm. 
and was thought to be either finely-divided mercury or elemental silicon. Buttolph 
has published a photomicrograph taken by Dr. Hodge of the Stevens Institute 
of the inner surface of a glass tube of a mercury arc. The surface was densely and 
uniformly pitted. This probably occurs also in quartz tubes, increases with 
increased temperature, voltage or any other factor tliat increases bombardment by 
electrons or by mercury molecules or ions. In burners with tungsten anodes, sput- 
tering of these has long been recognized as a factor in ageing. Figure 65 shows 
the rate of decline in energy per sq. mm. of exit slit of the constricted arc for three 
wave-lengths.^"*^ Inverted triangles indicate 4060A, upright triangles 3660 and 
circles 2540A. Dotted lines give the output of the constricted arc on 94 volts and 
4,9 amperes, solid lines on 78 volts and 2.1 amperes. All intensities were multiplied 
by ten. The three blacked-in points indicate a new commercial arc on 82 volts and 
4.1 amperes. A new constriction was inserted before the run with 2.1 amperes and 
this was cleaned and revitrified before that with 4.9 amperes. The deterioration of 
the constricted arc is rapid, being 50 per cent for the first hour at 2540A and 5 
amperes. This rate falls off greatly with increase in time and wave-length and 
with decrease in current. 

Btjittolpli, L. J., Trans. Rlectrochem. Soc., (55, 148 (1934). 

***^Forbe«, G. S, and Harrison, G. R., /. Am. Chem Soc , 47, 2453 (1925). 



Chapter 8 

Mercury Discharge Lamps 


Since the radiations from a mercury lamp are emitted from mercury vapor in the 
positive column, it is evident that, if mercury vapor is made to fill the lamp by 
vaporization from any reservoir, a mercury cathode is not essential George^ 
devised a lamp in which tungsten electrodes were used and the mercury was vapor- 
ized from a separate spherical bulb connected with the quartz tube by a narrow-bore 
tube. Before the lamp had heated up sufficiently to vaporize the mercury, the 
discharge was carried by an inert gas under pressure. George^ stated that the 
ultraviolet output might be increased by using alternating current at high voltage 
and frequency. The terminals were connected with the inductance of an oscillating 
circuit, although other ways of converting local alternating current to a high fre- 
quency were also suggested. 

The use of tungsten cathodes as a source for the emission of electrons at high 
voltages was limited by their tendency to sputter and blacken the lamp envelope. 
Greater progress was based upon the discovery by Wehnelt ^ that calcium oxide 
fused onto the surface of heated platinum forms a cathode of high electron emissivity 
at lower temperatures than are necessary for tungsten. Such cathodes were 
employed in the construction of lamps by Konen and Jungjohann.^ According to 
ButtoIph,‘** in more recent developments, nickel has replaced platinum as the base. 
Much work has also been done upon the development of cathodes in which alkaline- 
earth oxides with various additions have been applied to spirals of wire.® The 
theory of the operation of this type of cathode, and particularly, of the manner in 
which the physical or chemical union of the coating and base material affects satis- 
factory operation, lies beyond the scope of this book.'^ 

The oxide-coated type of cathode can also be made with such elements as sodium 
and caesium.® The choice of metal and activating coaling depends on the operating 
temperature, vapor pressure and other features of the design. In some cases, the 
oxide-coated cathodes are brought to the necessary cathode temperature directly by 
the cathode voltage drop and arc current. This is the arrangement in the low- 
voltage Cooper-Hewitt mercury rectifier lamp and in the high intensity mercury arc 
of the General Electric Vapor Lamp Co, In some cases, they receive a preliminary 
heating by a glow discharge facilitated by a starting gas. Because of the rather 


1 George H., tJ. S. P. 1,. 361, 710 (1920); /. Soe, Chem. Ind., 40, 75A (1921). 
a George, H., U. S. P. 1,671,109, May 29, 1928; British P. 234,834, March 18, 1926. 

»Wehnclt, A„ Ann. Phystk, 14, 425 (1904). 

^ Konen, H., and Jungjohann, W., Verhandl. dentsek. Physik. Gvs., 3, 145 (1910). 

•Buttolph, L. J., Trans. Ilium. Eng. Soc., 28, 153 (1933); 30, 151 (1935). 

•Spanner. H. J., and Doe ring, U.W., British V. 397.162 Aug. 8. 1933; Meyer, F., and Spanner, 
H, J British J* 274,027, O^. 20 1927; Garner E., French P. 707,198, April 13, 1931; Anderson 
W. T., )r., and Fraser, H D U S. P. 1,890^26. Dec. 13, 1932; firitfsh R 39<367 and 394,388 
Spanner, H. J., Doermg, U W., and Germer, E., German P. 597,580, May 26, 1934, 

u ! Rev. Modern Physics, 2, 381 (1930); Reimann, A. L., Phil, Mag, 12, 1073 (1951). 

Etrv., 34, 1323 (1929)* Dniyvesteyn, M. J., and Warmolu, N.. Physica, 4, 41 
(1937); Suhrmann, R., and Fruhlmg. G., Natntwiss., 26, 108 (1938). 

Phl^Mar* is, 0933^** Benjamin, M., and Rookshy, H. l\, 
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limited heat available for atartingr and for operation, the lamps are made as small 
and of as low a heat radiating and heat capacity as possible. In other lamps, the 
cathodes are separately heated by special elements. A number of cathodes have 
be^ described by Buttolph.® 

The gas or metal vapor conducting arcs may be designed for the utilization of 
the emission of the radiations from the positive column, as in tubular lamps, or of 
that of the negative glow as in certain lamps of bulbular form. It is not possible 
to give an account of the many varieties of these lamps which have been proposed. 
Sii^ce much of the development of these lamps as ultraviolet sources has been 
intjihately associated with the development of lamps for visible lighting, an his- 
toricai account would involve much extraneous material. It is interesting to note 
that the development of modern gaseous conduction lamps has been based in large 
part upon the pioneering work of Mch'arlan Moore.^® 





Ci>'/ 
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Figure 64. a, S, Burner of Quartz; b, S, Burner of I-G Phosphate Glass (Knclc, 

Z, icchnische Physik.) 


When the amount of mercury is such tliat no liquid or solid metal is present 
during operation of a lamp the static characteristic of tht* latter is not based upon 
the principles outlined in the previous chapters. Such lamps arc less affected by 
the temperature of the surroundings. As the load increases, the current increases 
markedly, Imt in contrast to the lamps described in Chapter 6 increase in voltage 
does not affect the operation of the lamp. The current can be adjusted by the series 
resistance rather than by ventilation, and the necessity for cooling is eliminated. 
The absence of the liquid mercury phase increases the stability of the lamp and also 
permits operation of the latter in any position. Bruijnes pointed out that an 
excess of mercury might diminish the efficiency of a discharge tube by condensing 
on the walls and absorbing the ultraviolet. He described a discharge tube within 
which there was inserted a quartz tube. The latter was utilized to hold the 
material to be subjected to ultraviolet irradiation. 

The lamp described by the Hanau Quarziampen A.-G. uses special nickel-oxide- 
coated electrodes of basin-like members piled one on another. Argon at a few mm. 
pressure in the lamp serves to supply ions for conduction until the mercury, intro- 
duced as a small button of some hundredths of a gram sufficient to produce a vapor 

A. w., 

w P, 399,317, October 5, 1933, to QuarzIamiJcn-Gescllschaft tn-b.H., Hanau. 

a»Bruiine», J., U. S. P. 1,994,301. March 12. 1935, to General Electric Co. 


•Buttolph, L. J., Trms, Ilium Bng Soc , 28. 153 (1933); 30, 151 (1935). See also Hull. 
Trans. Am, imt. Bhc. Bng>> 47* 753 (1928); Found, C G.» and Forney, J. D., 747. 

^Mootre. McFarlan, Gen, Electric Retiew, 23. 577 (1920), 







^BRCVMY mSCHARGE LAMPS 

presijtjTe of 700 mm. (corresponding to 350*^C.), carries the discharge. Ignition is 
facilitated by the presence of a strip of Aquadag on the otitside wall connected with 
the electrodes and interrnpted in the neighborhood of 6ne of them. This serves as 
a grounding device which collects electrostatic chargfes from the walls.^* Vity 
similar principles are employed in the therapy lamp (Alpina Heimsonne)^"* devel- 
oped by that company. The therapy lamp is 10 to 20 cm. long and is enclosed in a 
special phosphate glass rather than in quartz. The glasses employed soften at 
560° C. and, therefore, cannot stand the weight of masses of mercury but can be 
used with the self-igniting solid oxide electrodes which heat during the discharge. 
A millimeter of this glass transmits 34 per cent of the radiation of wave-length 
2500A. When cool, the mercury condenses on the inner walls of the tube, the 


Figure 65. 

Quartz Burner Showing the 
Electrode Arrangement (An- 
derson and Bird, Journal Opti- 
cal Society of America), 
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dimensions of which are so chosen that the discharge space is brought to 350®C. 
at its coolest spot, but nowhere exceeds 560° C. To secure this temperature, specisd 
pole-caps and metal protective mantles were placed about the electrodes to prevent 
the temperature of the glass in this region from approaching the softening point. 
The lamp is ballasted at 1.8 amperes, 120 volts burner tension for the 17 cm. arc, 
and worked at a point on tlie burner characteristic which, at 220 volts and 62 ohms, 
is still so far from the labile point that the discharge does not extinguish if the 
tension drops by 20 volts. 

Figure 64 shows a section of the lamp. A glow electrode (G) sits on the 
sealed-in wire (E). The protective coat (M) is borne by two wires (D) joined 

M See Spanner, H. J., U. S. P. 1,860,210, May 24, 1M2. 

“Enile, W., Z. tech. Phytik, IS, 313 (1934). 
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Figure 66. Spectral Energy Distribution of Alpine Sun Lamp, Super Model "S."’ 

to E, but insulated from E by glass (P) to prevent arcing to the mantle. The 
electrode is buried 10 millimeters within the mantle for better heat protection. The 
pole vessels are externally covered by a metal sheath (II closed off by an insulating 
cover plate (I), through which the current is admitted, (Z). The two end sheaths 



Conrteny General Eltclrk Vapor Lamp Co. 

Figure 67. Typical Starting Characteristics of 360-watt Uviarc. 

are held by a long end-to-end shield which carries the whole burner. A transformer 
and accessory resistance are required. During starting, the voltage increases in 
proportion to the pressure for about six minutes, but there is a preliminary saddle 
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duft to irregularities in heating up various parts of the tube before the arc bums 
steadily, after which the characteristic follows the usual hyperbolic curve. 

Anderson^® uses a laminated electrode structure comprising pieces of metal sep- 
arated by barium and calcium oxides. This principle is employed in the more recenft 
models of the quartz lamp of the Hanovia Co. (Figure 65). The heat is radiated 
directly from the electrodes, which consist of a number of nested metal cups con- 
nected electrically and mechanically by a weld, and separated by the oxide coatings 
which automatically regulate the temperature. The 200-watt burner operates on 
220 volts a.c., has a diameter of 16 mm. and an arc length of 130 mm. A ballast 
resistance or reactance must be used in series to limit the current. The life of the 
lamp is about 2000 hours. The spectral energy distribution of an Alpine Sun lamp 
(Super Model S) at a distance of 30 inches is given in Figure 66. There was a 
processed aluminum reflector. The burner current was 4.4 amperes and its wattage 
was 540,^® 



Courtety Gtneral Electric Vapor L4imp Co^ 

Figure 68. New Mercury Uviarcs. 


Lamps of the newer type, which start automatically, reach stable operating 
conditions within about three minutes after starting. Figure 67 shows the typical 
starting characteristic of the 360 watt Uviarc.^^ The new lamps of the CJeneral 
Electric Vapor Lamp Co. operate in conjunction with a high reactance type trans- 
former. The reactance limits the discharge current, stabilizes the arc and minimizes 
the flicker in the radiation output. The transformer may also supply a leading 
current at relatively high voltage from an extension of the primary winding to a 
power factor correcting capacitor. 

The lamps are supplied in five sizes (Figure 68) consuming 150, 250, 360, 600 


w 

and 3: 


Ander*on, W. T., Jr., and Fraier, H. D., U. S. P. M90.926, Dw. 13. 1932; British P. 394,367 
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Bird, L, F.. U. S. P. 2,006,081, June 2S, 1935; /. Opt, Soc. Am„ 27, 95 (1937). Note also 
Siemens and Halske, A,-0., British P. 47^763, Nov. 25. 1937; Chem. Abs,, 32, 3279 (1938); Eknbaas, 
W., U. S. P. 2,116,741, May 10, 1938; Chem, Ahs,, 32, 4891 (1938). 

Personal communication, Hanovia Chemical and Manufacturing Co. See also Melville, H. W., 
Trans, Faraday Soc,^ 32, 1525 (1936). 

Unpublished data of Johnson, L. B,, and Webster, S, B., communicated by the General Electric 
VapOT Snp (S Sm ^.a Inmai G. E., and Lemmer., E., V. S. P. 2,085,530 and 2,085,531, June 
21, 1937; Chem. Abe.. 31, 5598 (1937). 
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asd 1200 watts. The radiation outputs of these burners at various wave-lengths 
m jiiicrowatts per sq, emu at one meter arc given in Table 12.^® 


Table 12.-— Radiation Output of Mercury Discharge Lamps. 



r— 


— Burner Watts — 



Wave-length 

150 

250 360 600 

1200 

( Angstr 5ma ) 

f' ■ ' ' 

- — — - Microwatts per sq, cm. at 1 meter—'—— 


5780 

37.3 

60.2 

83 

255 

510 

5461 

33.5 

56,0 

82 

222 

445 

435S 

28.5 

45.5 

72 

192 

385 

4047 

16.9 

26.8 

45 

111 

223 

3654 

49.6 

78.S 

122 

327 

654 

3341 

5.3 

7.4 

11.6 

35 

71 

3129 

32.6 

50.8 

85 

203 

406 

3022 

16.6 

25.3 

39.4 

107 

214 

2967 

8.8 

13.5 

20.9 

56 

113 

2894 

3.5 

5.3 

8.3 

23 

47 

2804 

7.0 

10.9 

157 

42 

85 

2753 

2.5 

3.8 

5.5 

17 

33.6 

2700 

3.0 

4,4 

7.6 

20 

40.2 

2652 

14.4 

22.5 

83.1 

88 

176 

2537 

15.5 

27.8 

47.4 

103 

207 

2483 

6.1 

9.9 

13.3 

39 

79.5 


The 360-watt lamp with its transformer and reflector is shown in Figure 69. 
The 600* and 1200-watt tubes are intended primarily for industrial application 
where large, high- intensity sources are required. 

The principle of the use of a discharge in mercury vapor at a low pressure in a 
noble gas frequently has been employed in sources intended for production of the 
resonanee lines of mercury in physical laboratories. Pressure broadening of the 
mer6|iry lines has been avoided by keeping the partial pressure of the mercury low. 
Kunze warmed mercury to 40° C. in a glow discharge in neon, employing a capil* 
lary tube to secure great surface brilliancy, although this opened the possibility of 
broadening by the intermolecular fields of ions in high current density. Houter- 
mans secured high currents and great total brilliance by the use of a discharge 
tube with oxide cathodes, employing argon at 3-4 millimeters. This form of dis- 
charge (studied by Pirani^i) is characterized by high strength and line sharpness. 
The discharge was started by a small induction coil or a medical high-frequency 
apparatus, it being necessary only to bring the high-tension electrodes near the lamp. 
The temperature of the mercury reservoir was regulated by placing the reservoir in 
a side-tube dipped in water. One part of the illuminating tube was compressed 
into a flat rectangle 30 millimeters square and 2 millimeters thick to maintain the 
discharge against the quartz wall and so lessen the effects of self-absorption. The 
width of the discharge depended upon the current, increasing with the latter at 
constant current density, but never completely covering the area of the rectangle. 
When the lamp was started, there was at first a self-maintained discharge, showing 
a Faraday dark space. In this state, the voltage drop over the lamp was high 
(180-200 volts) and the current but a few milliamperes, the lamp remaining cold. 
At a certain current value, the oxide cathode began to emit strongly, the voltage 
dropped to between 20 and 30 volts and the current rose. The current was not 


Comniuiii<:ation from the General Electric Vapor Lamp Co. 
P., Ann, PhysiK % 793 (1930), 

»Boutermaas, F. G., Z, PhyAK 7$, 474 (1932), 

^ H., Mektrotech, Z., 91* 889 (1930). 
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permitted to rise above 3.6 amperes to prevent the oxide cathodes giving off a dost 
which blackens the tube. During starting, however, the resistance could be moment 
tarily removed, permitting a current of 4 to 4.5 amperes. At 24 volts and 2.6 
amperes, the intensity cou|d be kept constant within 2 per cent for over two hours. 
Such lamps could be used for some hundreds of hours without deterioration. 



Courtesy General Electric Vapor Lamp Co. 
Fjguke 69. 360-watt Uviarc for General Laboratory Use. 


Kornfeld and Miiller-Skjold devised a lamp which emits the line 2537A twelve 
times as intensely as does the usual mercury arc. The lamp operates at 220 volts 
and has water-cooled tungsten electrodes. The cathode is coated with a mixture of 
barium and strontium carbonates and is heated with current from a step-down trans- 
former. 

The Hanovia Co. now supply tubes in which 85 per cent of the emitted light is 
at 2537 A. They are built to consume 30-100 milliamperes at 2000 or more volts. 
With an input of 25 watts, they supply 40 microwatts of 2537A radiation per square 
centimeter at 20 inches. They are available in various forms, straight, U-shaped 
and S-shaped, and usually have a tube length of from one to six feet. A form 
intended as a source for work on the Raman effect is shown in Figure 70.®® 

In one of the first lamps of this type, Wiegand®^ employed a discharge in 


"Komfcid, G., and Muncr-.Skjold, F, Z physik. Chem , B31, 223 (1936). 

** See Leighton, P. A., and I^cighton, W. G., /. Chem. Ed., 12, 139 (1935). 

“*Wie»fa«d, K.. German P. '^09.373, Nov. 4, 1926; U. S. P. 1,971,S87, August 2S, 1934, to Patent- 
Treuliand-Ges. fut Elek. GmbH,; Chem. Abs., 28, 6371 0^^34). 
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dioxide and some hydrogen at low pressures in a quartz or 
bulb containing^ a drop of mercury* Xhe mercury extended the radiations 
the limit of the nitrogen radiatiom (2800A) to about 2200A and improved 
the distribution of the spectral lines. The tube carried only 50 to 80 milliamperes, 
and operated at a temperature so low that it could be operated in direct contact 
with material to be irradiated. Other forms, differing in structural features, 
have be^ described by Foulke,^^ who uses the negative glow between two closely 
spaced (0.5-Z0 mmO oxide*coated nickel electrodes, in a gas containing neon (75 
per cent; and helium (25 per cent) and a small quantity of argon at 30 mm. pres- 
sure. A small quantity of mercury is also present. The meUstable potential of the 



(Courtesy Hmovia Chemical and Manufacturinc Co.) 

Figure 70. Hanovia Sc-2S37 Tube for Raman Work. 


major component is to be greater than the ionizing potential of the minor com- 
ponent. This lamp, contained in a fused silica or Pyrex container fitted with a base 
plug, IS operated on 100-110 volts direct current or 75 volts alternating current. 
As a getter it wntains a bead of alkali-metal oxide, hydroxide or carbonate The 
lamp may used for therapy, photochemistry, or ultraviolet signaling 

. m ^ Co. consists of two oxide-coated 

tuMar filaments heated from within by tungsten filaments, a connecting and suo- 
portmg bridge and center support to hold them, and a pool of mercury It uroducL 
ultraviolet radiation by virtue of a glow discharge h. the mercury vapor ? low 
pressure throughout the entire bulb. Consuming approximately 40 watts, the lamp 

U. 1*990,174-5, Webrat^ to“'^.n<a-’aI*a«tric Vapw'^Sp^Co.'"’'* 
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starts at a currmt of two amfwsres at 35 voUs, ai^ operates at 20 volts and two 
amperes, A separate small transformer is required for each lamp. It emits but 
little visible light.^ 

A number of lamps have been* patented by the Philips Lamp Works. In one 
form of positive column discharge of mercury in argon at 5 millimeters the elec- 
trodes are led out at one end of the tube. Two anodes are separated by a screen 
and the supply wires of the incandescent oxide cathode are surrounded by insulating 
envelopes. The tube is widened where the supply wires are taken out for mounting 
in a device for irradiating flowing substances. A quartz tube with graded seal is 
employed. In another form,^^ the operating current density is maintained so low, 
either by use of a suitable voltage and a resistance in series with the discharge, or 
by the use of a suitable gas filling, argon, that the temperature of the tube is 
below 100°, and the vapor of the mercury contained in the tube is less than 0.3 
millimeter pressure. A lamp has been described in which the anodes are caibon 
cylinders with leveled-off ends. An inner concentric quartz tube for irradiation 
fluids is embodied in the apparatus. To prevent disintegration products of the 
cathode from settling on the walls, grid-shaped anodes of gauze or parallel wires 
stretched on a frame are used to attract di.'^integrating particles without seriously 
interfering with the passage of the rays.^^ Devers proposed the use of a loose 
powder of nitrides of boron, zirconium or titanium to reduce the deposition of 
cathodic materials on the walls and to react with any trace of water vapor present. 
A device embodying a reflecting mirror of chromium on the inner wall of the tube 
is due to Zecher .‘*2 Reynolds®® described an apparatus in which a high-tension 
discharge in mercury vapor in argon or neon occurs in a quartz tube free from 
external protuberances, which is to be immersed in the substance to be irradiated. 
There is an electrode at one end of a tube with a lead-in wire fused to another tube 
situated concentrically within the outer tube and fused to the latter. One electrode 
is of mercury, the other of tungsten or steel. The whole high-tension discharge is 
symmetrically placed and the radiations pass through only a single thickness of 
quartz.®^ 

Garrett described a glow lamp for ultraviolet radiation for clinical or house- 
hold use operated on 110-220 volt alternating or direct current without auxiliary 
equipment. The radiations are emitted by a polyatomic gas such as nitrogen at 
2-3 millimeters pressure in admixture with argon, neon and helium at 1-2 centi- 
meters, It was stated that the monatomic gases alter the spectrum of the nitrogen, 
increasing the proportion of ultraviolet. The monatomic gaises also function in 
starting the discharge and in keeping the operating potential relatively low. Con- 


See also Lederer, K. and E., German P. 600,757, July 31, 1934. 
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“Many variations have been described See. e.p., Braselton, C, H., S., Davies* L. and 

Harding, R., for a series of patents, U. S. r. 2,007,919-47, July 9, 1935, to S Irian Lanm Co.; 
Freedman, P., BritUh P. 313.726-7, 1929; Geffcken. H., and Richter, H., British P. 265^636, %y 3, 
1928; Studienges. fdr Wirtschaft und Industrie, British P, 269,808, 1926; Kewley, F. E., attd Bls^ls, 
S F British P 269 014 June 14, 1926. mrnnn navi* n««f»n Dw7tiii.ii T> 

iio./de. 1934. ■ ’ ’ 


"Garrrtt, M. W., U. S. P. 1.783,643, 


Even carbon electrodes have been proposed, British P. 
Dec. 2, 1930, to Westinghouse Lamp Co* 
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etutric gfrid-shaped elfjctfodcs of tungsttn or molybdcntini are employed in a quarU 
envelope, which cotitains also a strongly electropositive metal, alkali or alkaline-' 
earth, which deposits on the electrodes and makes the lamp suitable for operation 
at 1 10 volts. Mercury may also be used in the lapip. 

A low-pressure mercury glow-discharge lamp, employing indirectly-heated 
unipotential oxide-coated electrodes as the source of electron emission to ionize the 
mercury ’V’^apor has been described by Harden and Nicholson of the Westinghouse 
Co, It is necessary to use a transformer or a ballast lamp with the glow lamp to 
avoid overheating the electrodes. The voltage across the terminals of the glow 
lamp, and the resultant heating of the electrodes, decrease to a certain extent with 
increasing glow current, making the device self- regulating. The electrodes serve 
alternately as anodes and cathodes when used on alternating current. Such lamps 
have been made in sizes from those taking 0.2 to 0.3 ampere in half-inch bulbs one 
inch long to 30-ampere models in bulbs 3 to 12 inches in diameter. Figure 71 shows 


Figure 71 (Left). 

Structure of Indirectly Heated 
Electrode of Harden and Nicolson. 
(Transactions Illuminating Engineer- 
ing Society), 


Figure 72 (Right). 

Construction of Assembled Mount 
(Transactions Illuminating Engine 
ing Society). 


the indirectly heated electrodes and Figure 72 their mounting. The electrode around 
each heating coil is connected to the same lead-in wire as its respective coil. When 
the glow lamp is in series with a tungsten filament or other ballast on a llS-volt 
alternating current circuit, the voltage across the lamp is about 40 volts, until the 
electrodes are heated sufficiently to emit. During three to five seconds, the emission 
and glow-discharge increase and the lamp voltage drops to a point where the heating 
of the electrodes by the coils and by electronic and ionic bombardment maintains 
sufficient emission from the electrodes to sustain the glow-discharge current. Dur- 
ing steady operation, about one-half of the current passes through the heater coils 
and the remainder is glow current Harden and Nicholson gave data obtained with 

••jlllai'dm. J. W., and Nicholson, M, G., Trans. Ilium. Eng. Sac., 26, 592 (1931); British P 374.466. 

^ May M, 1930; Chem. Abs., 27, 31S2 <1933). 
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a monochromator (imcorrected for reflecticm and absorption) comparing the energy 
distribution of the new glow lamp with those of the quartz mercury arc and the S-1 
lamp. The percentage distribution of energy for the Cottx glow lamp is about the 
same as for the mercury arc, except at the lower wave-lengths where the Corex 
glass absorbs the radiations* (See Chapter 10.) Of the total ultraviolet output, 90 
per cent lies between 3132 and 2894A. On the other hand, Inman stated that, even 
through Corex, this glow lamp emits an amount of energy of the 2537 A line which 
is undesirable for long-continued use. He believed that attempts to eliminate this 
would make the output between 2800 and 3 100 A negligible. Luckiesh pointed out 
that the S-1 lamp (see section on “dual-purpose” lighting) emits less of the 2537 
line, since it operates under a higher pressure of mercury vapor. 

Increasing the temperature or adding other gases such as argon concentrates 
the glow and diminishes the ultraviolet output. One, two, or possibly more of the 
lamps may be operated in series with a ballast which may be either a tungsten- 
filament lamp, an infrared heater, a choke coil, or a special transformer which can 
be concealed in a table lamp Sxture. 

Harden and Rentschler claimed an improvement in the Harden glow lamp by 
making the heat-radiating capacity of the device great enough to maintain the 
internal temperatures between 20^ and 75° C. The mercury reservoir is placed in a 
protuberance, with a more or less restricted opening, giving but a limited exposure 
of the mercury to the heat. This limits the mercury vapor pressure to 0.001-0.08 
millimeter, which makes the emission of the 2537A line ten times as strong as the 
other lines. This point has also been emphasized by the Philips Lamp Works.®® 
The desirability of increasing the output of this line obviously depends upon the 
purpose to which the lamp is to be put, a matter which will receive attention in 
subsequent parts of this book. 

Prouty described a portable compact power system including transformers, 
milliammeters, etc., for operating several quartz discharge tubes at high voltages 
and low currents (30-50 milliamperes). The tubes are of small diameter to reduce 
self-absorption of the resonance lines and yield intense sliort-wave ultraviolet 
radiations stated to be applicable for dental and surgical utilization. 

Ultraviolet-emitting discharge tubes of quartz employing other emitting metals 
than mercury have been produced; sodium and magnesium have been proposed. 
Magnesium tends to impair the transparency of the tube. The Philips Works 
proposed to preserve the transparency of the walls by coating that part of the wall 
intended for the passage of the rays with a substance (potassium chloride or fluoride 
or fluoborate in the case of magnesium) which either prevents deposition of the 
metal or renders the deposit transparent to the rays desired. Calcium fluoride may 
Ije used as a coating for the interior of a mercury vapor lamp. When the tube 
contains sodium vapor, the wall may be coated with sulfur or phosphorus, de Boer 
places on some non-transmitting part of the bulb, a material which will adsorb the 
depositing substance and liberate it on heating. Carbon, calcium fluoride or zir- 
conium oxide are suggested. The spectrum is emitted by iodine vapor in this tube. 

** Marden, J. W,, and Rentschler, H. C, U. S. P. 1,917,848, July 11, 1933. See alao Canadian P. 
3SS,173„ Jan. 7, 1936. For more recent developmentg, ace Harden, J. W., and Meistcr, G., U. S. P. 
2,129.357, Sept. 6, 1938; Chem Abs., 32, 8285 (1938). 

«« British P. 299,704, January 16, 1930, to N V. Philips* Gloeilampenfabrieken. 

Prouty, W. O., U. S P. 1,96.S,947, July 10, 1934: U S. ?, 2,093,735, Sept. 21, 1937; Chew. 
Abs,, 31, 7773 (1937). See also Le Bel, C. J., U. S. P. 2,126,787, Aug. 16, 1938; Chem. Abs., 32, 
7836 (1938). 

« British P. 336,222, July 5, 1929; 356,407, SeptcPiber 10, 1931; both to N. V. Philips* GloeUarapcn* 
fabrik. 

deBoer, J. H., U. S. P. 1,935,699, November 21, 1933; Chem. Abs., 28, 693 (1934). 
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For nietettry va|w>r, g^old foil may be tased deGroot and Reerink^^ employ a 
niembei* acting as a chimney above the path of discharge to carry off the vapor, 
whidh may settle on or combine ivith the chimney, a part of which is of game. 
Hits chimney is to be employed in a magnesium vapor lamp. 

Ttibes have been described in which the emission of ultraviolet radiations is 
caused by bombardment by electrons of a fluorescent substance on the electrodes 
or in a very thin film on the inner side of the wall of the quartz tube. Sulfides, 
seteiides, oxides of the alkali or alkaline earth metals, boron compounds, etc., with 
small amounts of iron or mercury compounds incorporated, serve as emitters. 
Yttrium, lanthanum and gadolinium compounds increase the emission. The tube 
has a very low pressure gas or vapor filling, A grid-like anode accelerates the 
electrons emitted by the cathode. Visible radiations are emitted by the wire of the 
heater. A chromium or magnalium film on the opposite part of the bulb serves as 
a mirror.^* 

Materials within the envelopes of discharge tubes may also be excited by ultra- 
violet rays within the tubes to give blue or white fluorescent light.'*^ In some of these 
zinc silicate, calcium tungstate and calcium molybdate form the internal coatings 
of the envelopes. A series of variously fluorescing layers is sometimes used. 
Fluorescent glass envelopes may also be employed.'*® Rare gas fillings are some- 
times used to the exclusion of mercury.^'*' 


Dual-Purpose Sources 

The proportion of the health-giving ultraviolet in the sun's radiations is small 
and varies greatly with the seasons and atmospheric conditions. It iwS greatly 
lessened by dust and smoke, so that in industrial communities and in cities very 
little may be available. Means have been developed for so altering the ordinary 
sources of illumination of homes, hospitals, schoolrooms, gymnasia, etc., as to 
enable them to provide also a supply of the desirable ultraviolet radiations. Illumina- 
tion by such sources has come to be known as ^Mual-purpose" illumination, «.p., 
visible illumitiation and simultaneous ultraviolet irradiation. 

The engineering problems are concerned with the design and construction of a 
reasonably-priced source of ultraviolet within a lamp bulb supplying visible light 


deGroot, W., and Recrink, E, H., U, S. P. 1, 905^688, April 25, 1933, to General Electric Co. 
^•Htanind, C., Britiak iP. 38^130, Feb, 2, 1933; Aicher, J. D., U, S. P. 2,109,984, March 1, 1938; 
Chffm> Abs.f 32, 3279 (1938); French P. 828,067, May 10, 1938, to Compagnie dcs lampes; Chem, 
Ms., 32, 6962 (1938). 

« British P, 459,323. Jan. 6, 1937; 473,929, Oct. 22, 1937, Chem, Abs„ 32, 2854 (1938); German 
P. 656.213, Feb, 1, 1938; British P. 476,240. Dec. 7, 1937; 485,875, May 26, 1938; Chem. Abs„ 32, 
8286 (1938), all to Patent-Treuhand-Ges. tur elcktnsche Gluhlainpen. See also Randall, J. T., 
British P. 466,503, May 28, 1937; Chem, Abs., 31, 7774 (1937); British P. 469,731-2, Tulv 27, 1937; 
Chem. Abs., 32, 436 (1938), to General Electric Co,, Ltd. Breadncr, R. L., Randall, 'j. T., and 
Ryde, J. W., British P. 474,298, Oct. 28. 1937; Chem. Abs., 32, 2854 (1938); Randall, J. T., 
British P, 474,457, Nov. ^ 193^ Chem, Ahs,, 32, 2854 (1938). Rhodatnine dyes may also be used. 



^French P. 810,298, March 18, 1937; Chem. Abs., 31, 8384 (1937); British P 474 907 Nov 9 
1937; Chem Abs„ 32, 3280 (1938); French P. 822,815, Jan. 8, 1938; BHtish P. AS7,m- Chem Ahs 
31, 2946 (1937); all to Soc. aiwn. pour les applications de relectricit«? et des gar rares-ctablisaements 
gaude-Paa and Silva. I^ise, C A., V. S. P. 2|n6,97^ May 10, 1938; Chem. Abs, 32, 4892 (1938); 
Fritae, O., Ruttenauer, A., and Wiegand, K., U. S. F. 2,103,032, Dec. 21, 1937; CAm Ms 32 
1193 (1938). ' 
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and capable of operating from an ordinary lamp aodcet without the necessity of 
elaborate or expensive accessory equipment From a therapeutic standpoint* the 
questions of wave-length range and intensity are paramount. It is necessary to 
choose for the envelope of the lamp bulb a material which will transmit visible light 
and ultraviolet radiations longer than about 2900 to 3000A and absorb those shorter 
than this limit, since the shorter rays are known to exhibit deleterious effects. As 
it is well known that excessive exposure to the sun^s ultraviolet transmitted by the 
earth's atmosphere (longer than about 2950 to 3000A) may be harmful, it is neces- 
sary that the ultraviolet radiations emitted by a ^^dual-purpose" lamp be low in 
intensity since the lamps are used for considerable periods in ordinary home illumi- 
nation. This explains the otherwise paradoxical nature of the claims of certain 
manufacturers that their bulbs emit only very low intensities of ultraviolet. A 
considerable held remains to be explored in order that the most suitable intensities 
and wave-length regions for effecting desired therapeutic ends may be firmly estab- 
lished. It is important that exact data be acquired regarding the effects of pro- 
longred exposures to low intensities of the therapeutic range of the ultraviolet 
Comparatively small amounts seem to be needed, at least for the prevention of 
rickets in chickens^® An industrial Cooper-Hewitt arc in glass affords some 
antirachitic protection, although not as much as one in Corex D glass, which, in 
turn, is somewhat less effective than one in quartz. Even 60- or 500-watt Mazda 
CX lamps, which have only a small ultraviolet output, have been recommended for 
long-continued use in poultry houses.^^ 


Figure 73. 

Sunlight (Type S-1) Lamp. 



One of the first bulbs for ‘"dual-purpose” lighting was the S-1 sunlamp.®^ It 
comprises a combination of a mercury arc in argon between tungsten electrodes and 
an incandescent tungsten lamp in the same bulb, the latter of special glass of low 
iron content to transmit radiations from 2800 to 3100A.®^ Figure 73 shows the 


T. S., and others, [Trans, III. Eng. Soc,, April, 1927]; cited by Bnttolph, t>. J., Trtms, 
III, Bng, Soc,, 583 (1931). 

^Anon.. Tr(ms, III. Eng. Soc., 2«, 551 (1931). 


M., Gen. Electric Rev., 33. 89 (1930): Fo^rsythc, W. E., ef. al., fen. Elec. R^., M 
358 (1930); iuckiesh, M., Elec. World, 94, 835 (1929); 95, 300 (1930); Trans, ill. Eng. Soc.,J&t 397 
(1930); Gordon, N. T., and Benford, F, Gen. Elec, Rev,, 33, 283 (1930); Forsythe, W. E., And 
Chrlstlfott, F., ibid., 32, 662 (1929). 

^Strickland. R. F., British P, 147,292, 317,832, 375,477 (1932), to British Thomson-Howaton 
Co., Ltd. Strickland, 'f., Blake, H. P., and McLean, S.. British P. 398,290, Septeinher 14, 193a. 
See also British P. 383,342, November 17, 1932, to Zaidan-Hojin Aoyagi Kenkyusho, for a method 
of starting a similar lamp. 
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strttCtsiim withiti tlije bulb. No tilting is required to start this lamp. When the 
filiment ia lighted, the arc strikes across the hlament terminals and disposes itself 
across the main electrodes. A wide range of operating angles is possible. A low* 
voltage supplied by a transformer with a special volt-ampere characteristic is 
essential to the operation of this lamp, which consumes approximately 400 watts. 
The no*load voltage of the secondary of the transformer is approximately %35. When 
the switch is closed, the filament takes about 0 amperes and the drop across it is 
about 33 volts. The mercury arc starts in parallel, the voltage drops to eleven volts, 
and the total current through both arc and filament is 30 amperes. In operation, 
the arc supplies about one-fourth of the light, two-thirds coming from the tungsten 
electrodes, the color temperature of which is above 3500° K. The lamp is said to 
lie twenty times more effective than summer sunlight. A frosted bulb is used, and 
the coiled filament is inverted and located above the electrodes. In another model, 
S-2, the arc length is increased, and a metal cap of aluminum is placed over the 
lower portion of the bulb to minimize glare and to redirect much energy back into 
the mercury vapor area, increasing the operating temperature. As a result, the 
lamp emits about one-half as much ultraviolet as the S-1 model, while consuming 
only 40 per cent as much energy. The lives of the S-1 and S-2 lamps are shortened 
by both over- and under-voltage operation.-'^^ Porter, Egcler and Sturrock have 
tabulated electrical and other physical data regarding these sources. Luckiesh has 
pointed out that the high mercury- vapor pressure of these lamps leads to a high 
degree of absorption of the 2537A line, long-ccmtimied exposure to which would 
be dangerous. 

The spectrum emitted by the tungsten-mercury arc, according to P'orsythe and 
Easley,**^ shows a continuous radiation from 4000 to 2100A. When the temperature 
is increased by external heating, the increased mercury vapor pressure causes the 
mercury absorption bands to appear. The 2540 band is O.IA wide at 220°C. (vapor 
pressure 32 mm.) and with increasing temperature spreads to longer wave-lengths, 
reaching 2S76A at 407°, and 26S2A at 426°C. At 350°C., the resonance line disap- 
pears, being replaced by two narrow bands at 2.^534 and 2532A which at higher 
temperatures merge with the 2540 A band. At 426° C., there is continuous absorp- 
tion between 2530 and 2652 A, with evidence of further absorption beyond 2652 A. 
Five fluted bands around 2345 A appear between 320° and 340° C and broaden 
until they cover 16A at 420° C. Pressure causes the disappearance of some lines 
between 3500 and 2100A. These effects are somewhat different from those 
exhibited by mercury vapor in an absorption cell. 

During the first few seconds of operation, the S-1 lamp emits some argon lines, 
but after a few minutes only mercury lines are detected.-''^ Similar effects are 
observed if the argon is replaced by helium neon, nitrogen or carbon dioxide. When 
hydrogen is the gas present, the lamp continues to radiate bands characteristic of 
mercury hydride, along with several other bands at shorter wave-lengths. 

Other toa on the radiations emitted by the General Electric Sunlamp have been 
published by Benford,®® Coblentz and Barnes.*^® Barnes gave the average energy 
flux values of a number of lamps for the principal mercury lines between 2500 and 

0»Oday. A. B., and Porter. L. C., Trans. III. Eng. Soc., 28, 121 (1933). 

Porter, L. C., Egcler, C. E.. and Sturrock, W. Trans. IIL Eng. Soc., 27, 23 (1932). 

«* Forsythe, W. E., and Easley, M. A,, Phys. Rev., 36, 150 (1930). 

» Dooley. D.. Phys. Rev^ 36, 1476 (1930). 

F., /. Motion Pioturs Eng., 14, 414 (1930); Gordon, N. T., and Brnford. F 
Gen. m^ctric Rev., 33, 290 (1930). xirmora, r., 

^'C^Wenta, W. W., /. Am. Med. Assn., 95, 411 (1930), 

w Bames. B. T., Phys. Rev., 36, 1468 (1930). 
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6000A, and for continuous spectrum up to 17,000A, determined by thermopiles 
and galvanometer, with a quartz prism monochromator which received on its slit 
energy from all parts of the arc and tlie electrodes. The Hne atid continuous emis^ 
sions were separated by taking readings both at the lines and at intermediate points, 
plotting continuous curves from the latter, and deducting the continuous curves 
from the values taken at the lines. The continuous curve was possibly too high 
below 4S00A because of the inclusion of less important mercury lines, while the 
opposite was true in the red and infrared regions. 



Figu»k 74. Energy Mux (/Aw/ciir*) One Meter from Center of Arc (General Electric 
Sunlamp) in a Direction Normal to the Plane of the Leads. Lamp burning without 
reflector with 115 volts on the primary of the transformer Average lamp current 
and voltage 30.96 amps and 10.6 volts. Curve represents energy in 50A band of 
continuous spectrum. Heavy lines above the curve give energy flux in lines or 
groups of lines in arc spectrum (B. T. P»arnes, Physical Rcviczi/). 


In P'igure 74 the intensities in microwatts per sejuare centimeter at one meter 
distance in a direction perpendicular to the plane ot the leads are given for an aver- 
age of 26 lamps, operated with 115 volts on the primary of the transformer. The 
peak of the curve lies at about 10,600A, quite close to the maximum in the curve 
for the energy radiated by tungsten at 2500 The shape of the curve below 
5000A, however, is approximately that for tungsten at 3250*^ K., the temperature of 
the hottest parts of the electrodes. The output of visible and ultraviolet radiations 
was much too high in comparison with that of the infrared for tungsten at 2S00®K., 
a fact explained by the composite nature of the continuous radiation, the electrodes 
(above 3000° K.) giving a relatively high proportion of visible and ultraviolet, while 
the filament and the incandescent parts of the leads at much lower temperatures* 
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fetft witli a lat^gier area, give much of die infrared, and ^ift the maximum to longer 

The average total energy flux at one meter is 2380 microwatts per square centi- 
hieter (10,6 volts and 30,95 amperes). Table 13 gives the average energy flux for 
each of the principal mercury lines, and the corresponding per cent of the average 
tot^l energy flux. 


— 

Table 13. — Energy Flux of Mercury Lines. 


Wsve-Ieaath 
of line, A 

Microwatts 
per CJIL® 

% of total 

Wave-lengrth 
of line, A 

Microwatts 
per cm.® 

% of total 

S780 

9.T 

0.4 

3130 

13.5 

O.Sr 

5461 

8.» 

0.34 

3024 

4.4o 

O.U 

4358 

9.0 

0.3. 

2967 

2.54 

O.IOt 

4047 

5.0 

02. 

2894 

0.7x 

0.03o 

3905 

0.4 

O.Olt 

2804 

0.6o 

0.02o 

36M 

17.4 

0.7a 

2650 

0.6s 

0.02t 

3342 

la 

0.04. 

2537 

0.1. 

0.00. 


The distribution between line and continuous spectral energy in various broad 
wave-length regions is given in Table 14. 


Table 14. — Distribution Between Line and Continuous Spectral Energy. 


Microwatts 
per cm.® 

2500‘3200A 

3200-4000A 

4000.7600A 76OO^17,000A 

17,000A 

line Spectrum 

22.0 

18.0 

(32.0’^ 

Continuous 

0,s 

s.. 

209. 


Both 

23. 

24.x 

242. 1090 

iooo 

* Red lines m the 

meicury spectrum included with 

the continuous spectrum 



The continuous spectrum furnishes less than 3 per cent of the energy below 
3200A, but over 86 per cent of the visible. Since much of the continuous spectrum 
is in the red end with low visibility, the continuous spectrum furnishes only 76 per 
cent of the light radiated perpendicular to the plane of the leads. Of the total, one 
per cent is radiation of wave-length less than 3200A, one per cent is between 3200 
and 4000A, and 10 per cent lies in the visible. That less than 3000A is only 3 per 
cent of the total emitted energy. 

The results are in fair agreement with those of Benford, although the composi- 
tions of the bulbs have been changed. Different lamps vary widely in regard to the 
emission of the 36S0A line, the intensity of which often increases over 50 per cent 
during the first 40 hours of burning. Benford found 28 per cent higher values for 
the energy between 4000 and 7000A (185 microwatts per square centimeter), a 
divergence for which no explanation could be given. The results are not compa- 
rable with those of Coblentz whose measurements were made upon the whole lamp 
unit, including a reflector. Under these conditions, the temperature of the mercury 
pool is 7^ higher and the output below 3200A might be expected to be 10 to 15 per 
cent greater. ^ 

There have been other types of lamps proposed for “dual-purpose” lighting The 
bulb of Corex (or Pyrex) may contain a mercury globule and oxide-coated elec- 
trodes to produce the ultraviolet-emitting glow discharge that fills the bulb at low 
temperature, while a sealed inner bulb provided with a tungsten filament serves both 
as a ballast resistance for the mercury vapor discharge and as a source of light »» 


G. E., BritWi P. }»0,384, AprU 6, 1933, to BritUh Thomson-Houston Co Ltd. 

U. See ’also Cntig. P., 
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Oosterhuis lias described a reading lamp, with a standard containing the neces- 
sary transformers, which may comprise a helically wound glower for infrared and 
visible light, ultraviolet being supplied by a discharge between an incandescent 
cathode and two anodes in argon at a few millimeters, the tube containing some 
liquid mercury. The two sources employ separate circuits, each with a transformer, 
and are usable independently. Sperti placed the arc and the filament in separate 
chambers. 

Other attempts to produce “dual-purpose'* illumination include utilization of a 
combination of separate quartz mercury arcs of usual form, and lamps for visible 
light in one fixture, provided with reflectors, filtering windows, and provisions for 
ventilation.®^ There has also been a considerable development of reflectors and 
accessory fixtures for the application of the S-1 Sunlamp. Oxidized or polished 
aluminum and polishcxl chromium are among the more effective reflecting materials 
for ultraviolet between 2800 and 3200A,®® Details of installations for homes, 
schools, offices, gymnasia, swimming pools, etc., have been described.®® 

Metallic Vapor Arcs Other Tuan the Mercury Type 

The dependence of the intensity and efficiency of radiation in metal vapors on 
pressure is similar for mercury, cadmium and zinc.®® At the time of the develop™ 
ment of the mercury-vapor arc, Stark and Kiich ®® examined Heraeus quartz lamps 



Figure 75. 



Figure 76. 


having electrodes of metals and metalloid^ . The lamps were made in both of the 
forms indicated by Figures 75 and 76. Most of these lamps are of little practical 
interest because of the difficulty of starting, although developments of tne cadmium 


Sperti, G., British P. 396,210. August 3. 1933. 

Rolph F W. U. S. P. 1,945,567, February 6, 1934, to Holophane Co. Paget, R. A. 

U. S. P. 1,943,877, January 16, 1934, to Thermal Syndicate. 

"CoMenU, W. W., and Stair, R., Bureau Stand^ds J. Res., 4» (1930); Ltickiesh, M.. and 

Taylor, A. H., quoted by Porter, L. C, Egelcr, C. E„ and Sturrock, W., Trans. HI. Mng, 27, 

30 (1932). 

«Oday, A. B., and Porter, L. C., Trans. 111. Eng, Soc., 28, 121 (1933). 

«»Fabrikant. V, A., Bull. acad. set. U.R.S.S., Classe set, math, nat. Ser. phys., 441 (1936); 
Cham, Abs,, 31, 2925 (1937), 

« Stark, J., and Kuch, R., Physik. Z„ 6, 438 (1905). 
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arc have excited interest. The outer diametet was 0.9 centimeter, the leni^th oi 
the form shown in Figure 75 was 13 cmtimeters and of that shown in Figure 76 
was 9 centimeters. Nickel rods served to conduct the current to anode and cathode. 
The lamp was charged with metal by means of the container C shown in Figure 76. 
This container was filled with molten metal and on evacuation of the tube the metal 
passed into the lamp tube, after which the container C could be removed by fusing 
the narrow part. The lamp was pumped out thoroughly while in operation in order 
to get a satisfactory vacuum. The lamp was started by a spark from an induction 
coil, the metal being heated by a gas blast-lamp until sufficient metal vapors had 
been produced to cause an arc to form. A voltage of 100-200 was used. 

The cadmium lamp was easy to start and operated at 2 to 5 amperes with metal- 
cooling; with water-cooling it could be operated at 8 amperes. The zinc lamp was 
more difficult to start and required heating with a blast lamp in order to put it into 
operation. With metal-cooling it operated at 3 to 5 amperes. The lead lamp 
required very intense heating in order to start. With water-cooling it operated at 
8 to 10 amperes producing a strikingly rich spectrum. The bismuth lamp also 



Figure 77. Cadmium Lamp. 


required intense heating when starting and with water-cooling could be run at 7 
amperes. The antimony lamp on the contrary was easily lighted and burned at 3 
amperes, and did not require water -cooling unless a very strong current was 
employed. The spectrum covered a very wide range so that bodies exposed to the 
light from this lamp more nearly resembled their normal daylight color than when 
mercury or similar metallic arcs were employed. The antimony arc gave rise to 
very strong fluorescent effects, sodium glass fluorescing strikingly with a greenish- 
yellow color, while lead glass exhibited a blue fluorescence. Tellurium and selenium 
lamps were also tested. The former was operated at 6 amperes. The selenium lamp 
offered difficulties in starting. A form of cadmium arc lamp, that of Lowry and 
Abram, shown in Figure 77 maintains the arc between water-cooled electrodes of 
solid cadmium. This cooling is important, partly because it checks the vaporization 
of the metal, but mainly because if the metal is allowed to melt it is liable to crack 
the tube whenever the lamp is started or stopped. 

The lamp is operated in conjunction with a Gaede pump, as the metal gives off 
considerable quantities of gas under the influence of the electric discharge, and this 
gas must he pumped off in order to maintain the vacuum. Occasionally, when the 


^howry, T. M., an<i Abram, H. H, Trans. Faraday Sac.. 10, 103. 
39, 3S3 (iho). 


Note Bates, F. J., Phil, Mag., 
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vaciimn is good, th^ arc will start itself on merdy switching on the current, but 
usually it is necessary to start the arc by a spark. This can be done conveniently 
by connecting the electrodes to the inner walls of two Leyden jars and connecting 
tlie outer walls to the secondary terminals of an induction coil. The light emerges 
through two windows of quartz. In one form of the lamp these windows are pro- 
tected from condensed metal by water- jacketing the ends of the tube to whidi they 
are attached, but the water-jacketing must not extend to the central part of the tube. 
The latter must remain hot in order to prevent the formation of a conducting bridge 
of condensed metal. An arch of silica is provided to bring the arc to the center of 
the tube. The cadmium arc will burn quite well under a pressure of 100 volts, but 
it has a longer life if the voltage is liigher, owing to the fact that an arc of greater 
length can be kept alight The extinction of the lamp on the lower voltages is 
caused most frequently by the distillation of cadmium from the electrodes, which 
thus become shortened unduly. 

Stammreich describes a metallic vapor lamp using cadmium amalgam in 
which a condenser is connected to the arc tube for collecting metal distilled from the 
latter. In some instances^® mercury may be distilled from the amalgam to a 
separate compartment which is then closed before the cadmium begins to vaporize. 
The mercury is afterward run back by tilting the lamp. 

Nagaoka and Sugiura liave reviewed the development of cadmium lamps with 
emphasis on the deficiencies of the previous types. They describe a lamp which 
comprises a tube with fased quartz cylinder surrounded with molybdenum or tung- 
sten wire, the latter heated by electric current which can be raised to the required 
temperature. A second fused quartz cylinder is placed above the first cylinder, 
suspended by a holder which has a hole permitting light to pass through a window 
placed at tlie end of the side arm. The cadmium vapor is produced in this cylinder. 
The luminous particles can be concentrated in a second cylinder to obtain great 
intensity of light and the density of the cadmium vapor can he controlled by heating 
the coil around the first cylinder. A cathode of coiled tungsten is used to concen- 
trate electronic currents through the cadmium vapors toward the molybdenum 
anode. Electric potential of 100 volts and electronic current of 0.3 to 4 amperes 
between cathode and anode are sufficient to excite cadmium vapors at 300*^ and to 
obtain intense and stable light. The tube is constructed of double glass and is 
water-cooled. 

Other cadmium amalgam discharge tubes have been described by the N. V. 
Philips' Gloeilanipenfabriken.'^^ Kri^hnamurti has found a cadmium-tin alloy arc 
a suitable source for the excitation of Raman spectra. The lines 5085.8 and 6438.5A 
are particularly effective. 

Because of its wider spectral extension in the visible, the cadmium-mercury 
vapor lamp has attracted much attention for general illumination, but this is not 
within the province of this book.*^^ 

A drawback to the use of cadmium- or zinc* enclosed arcs has been their short- 
««Stamnucich. H., British P. 294,172. July 19, 1927. 

® Stammrekh, H.. French P. 657.426, July 11, 1928; U. S. P. 1,828,346, October 20, 1931. 

Nagaoka, H-, and Sugiura, Y., Sci. Papers Inst, Phys, Chem. Research (Tokyo), 10, 263 (1929); 
Chem, Abs., 23, 5118 (1929). 

British P. 336,208, Julv 5, 1929, to N. V Philips’ Gloeilumpcnfabrieken; Elenbaas, W., Canadian 

P. 371,090. Tan, 11, 1938; ’ C/km. Abs., 32, 2854 (1938); Elembaas, W., and Jonas. G. B., U. S. P. 

2,116,742, May 10. 1938; Ckcm. Abs., 32, 4891 (1938). 

Krishnamurti, P., Indtan J. Physics, 5, 587 (19.30). Chem. Abs., 25, 1159 (1931). 

Spanner, H. J., Trans. Ilium. Bng. Soc., 30, 178 (1935) ; Chem. Abs 29, 5359 (1935). For a 
general discussion of recent electric vapor latnp^ see Malley, R. D , Elec Kno., 53, 1447 (1934), and 
Marden, J. W., Beese, N. C, and MeiMer, G., Trans, Ilium. Eng. Soc., 32, 84 (1937).^ 
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iie^S of Ufe^ Th«j metals even when pure tend to adhere to the walls, and break the 
}abtet on cocking. Bates found the addition of a stnall proportion of gallium to 
lessen this tendency in the case of cadmium. As he found it difficult to obtain pure 
gallium, he later employed tin instead, using a 50-per cent alloy of cadmium and 
tin, which melted at 176-200° The arc used was of the Cooper-Hewitt type; 
the low vapor-pressure of the tin made the light almost entirely that of cadmium. 
It has since been stated that the gallium exerted its beneficial effects by virtue of 
its own impurities. Bismuth, lead or thallium are also effective, but should be 
limited to less than 1 per cent of the total filling.*’^® The deterioration of the quartz 
envelopes of high-pressure lamps has been ascribed to attack by positive ions of the 
metal vapor, which have greater chemical activity than the atoms. This deterioration 
the Siemens-Halske propose to obviate by covering a part of the wall near 
the bulb or portion of the arc in which considerable potential drop occurs by an 
openwork metallic structure of spiral or braid or metal strips placed edgewise and 
not connected to a source of potential.’^® 

A cadmium amalgam arc, especially intended as a source for the preparation of 
vitamin is designed to avoid breakage on cooling by so arranging that on 
interruption of the discharge, the tube is automatically put in such a position that 
the free surface of the substance yielding the vapor is larger than when the lamp 
is in the working position. Carbon electrodes are used in a lamp employing a dis- 
charge in cadmium vapor mixed with nitrogen and hydrogen or a rare gas, and 
designed for television, the excitation of fluorescence, and for therapy.®® 

The Siemens and TIalske Co.®^ proposed to stimulate the growth of jjlants by a 
lamp which emits predominantly in the region 3300 to 3600A. That such rays 
would prove effective was based upon the claims (by no means generally accepted) 
of workers with mitogenetic rays that dividing cells give out radiations of wave- 
length 3400A. This region was also claimed to be useful for healing purposes 
because of an alleged destructive action on virulent tumors. That sunlight lacks 
this property was claimed to be due to an antagonistic action of even low intensities 
of radiations in the wave-length region 3200 to 2900A. For the lamp, there was 
suggested an arc in quartz, one electrode being silver or zinc. The arc was to be 
drawn out as far as possible by a moving gas jacket. The intensity of the crater 
was to be reduced by fins or by water-cooling, the light from the center of the arc 
only being used. A filter for suppressing radiations of wave-lengths less than 
3200A was also employed. Also an arc in vapors from alloys of the zinc group, 
such as zinc (17 per cent), cadmium (83 per cent) was proposed.®^ 

Mitchell ®® compared three methods of securing the resonance lines of cadmium 
or zinc for use in physical studies of fluorescence. The methods utilized were the 
high potential discharge in a mixture of helium and zinc vapor, a discharge tube 


w Bates, F., Bureau Standards Sci. Paper No, $71 (1920). 

^ Bates, J. R., and Taylor, H. S., /. Am, Ckem. Soc., 50, 771 (1928). 
w British P. 372,843, May 19, 1932, to Siemens and Hatske, A.-G. 

British P. 397,680, August 31, 1933, to Siemens and Halske, A.-G. 

■^For details of the static characteristics of the high-pressure cadmium arc, see British P. 404,341 
January IS, 1934, to .Siemens and Halske, A.-G. " 

"W British P. 366^66, February 4, 1932, to N. V, Philips' Gloeilampenfahriken. See also Elenbaas. 
W., and Jonas, G. fe . b. S. V. 2,116,742, May 10. 1938, Ckem. Abs., 32, 4891 (1938™ 

•0 British P, 418,128, October 18, 1934, to General Electric Co., Ltd., and Palent-Trcuhand. 

« British P. 296,724, February 24, 19.30, to Siemens and Halske, A G. Silver-leaf filters 
tranaraitUng between 3050 and 3300A, may be employed in the envelopes, according to C T Milner 
British P, 485,787, May 25, 1938, to British Thomson -Houston Co.‘, them, Ahs , 32, 783*5 "^(1938) ’ 

»» British P. 306,112, February 27. 1930, to Siemens & Halske ('o. 

^Mitchell. A. C. G., /. Frank. Inst., 212, 305 (1931). 
wEllett, A.//. Opt. Spe, Am., 10, 427 (1925). 
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of the ScMkr type with hollow cathodes^ partly filled with zinc and an arc with 
hot eqiiipotential, oxide-coated cathode; he found the latter to be the most eco- 
and convenient The arc was formed in a ^ bulb filled with a helijum 
discharge, and enclosed in a furnace with quartz windows, to vaporize a supply of 
zinc. The zinc lines began to appear at 330®C. At 370^C., the are constricts and 
the helium is pumped out, 

A xenon lamp has been described as a source of light in the extreme ultraviolet 
by Hartech and Oppenheimer.®® The lamp is said to yield through a fluorite 
window the resonance lines of xenon at 1469 and 1295A, It can be operated for 
several hundred hours. 


Manufacture of Quartz Products 

Two scientific and engineering leaders had the foresight to grasp the industrial 
possibilities of the large-scale production of fused quartz, Prof. Elibu Thomson of 
the General Electric Co. at Lynn, Massachusetts, and Sir Richard Paget m England. 
Under their leadership, the experimental work developed independently in both 
countries. In England, the latter organized the Thermal Syndicate in 1^3, which 
carried out early development under the direction of Hutton®^ and Dr. J. F. 
Bottomley. An account of the early work has been published by Paget.®® The 
Syndicate early made opaque and translucent fused silica by fusion of glassmakers’ 
sand. In 1906, the Silica Syndicate, Ltd., of London, worked patents of Kent and 
Lacell for the manufacture of transparent quartz glass. Other developments 
occurred in Germany, where Heraeus extended the work to the production of the 
tubes of mercury vapor lamps and Voelker founded a company in 1908, and in 
France where two companies, Le Quartz Fondu and Quartz et Silice have been 
producing since the war. The remarkable properties of this acid-resistant material, 
low solubility and low thermal expansion, made it of great importance tp chemical 
and electrical industries and stimulated the large-scale development of the industry.®® 

The advances in America under the direction of Elihu Thomson in the Thomson 
Research Laboratory of the General Electric Co. at Lynn have been more closely 
concerned with the production of articles of dear or transparent quartz, for optical 
apparatus and for the transmission of ultraviolet radiations, the experimental work 
on which is largely due to Dr. E, R. Berry, P. K. Devers and L. B. Miller, although 
the opaque or coarser variety has also been developed by Mr. H. L. Watson. An 
account of the Lynn developments has been given by Dr. Thomson on the occasion 
of the presentation to him of the Franklin Medal of the Franklin Institute.®® 
General reviews of the recent developments of the industry have been written by 
Moore and Ibakh.®2 

wSchukr. H., Z. Phyixk, 35, 323 (1926). 

Harteck, P,, and Oppenheimer, F., Z. physik Chem,, 16B, 77 (1932); Groth, W,, Z. Bhktro- 
chem,, 42, 533 (1936). 
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w Moore, B., Chemistry and Industry, 50, 671 (1931); Trans. Ceram. Soc., 31, 217 (1932); 32, 45 
(1933), 
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Chapter 9 

Sources of Continuous Ultraviolet Radiations for 
Absorption Studies 

In the measurement of ultraviolet absorption spectra, it is desirable that the 
SOfurce of illumination be continuous, or if that condition cannot be attained, the 
source should at least give a great number of closely spaced lines, so that there may 
be radiations of practically all wave-lengths available for absorption in the region 
studied. It is readily apparent that it would be futile to attempt to obtain the fine 
Structure of an absorption band with the mercury arc as a source, since there are 
wide gaps in which no observations could be made. 

One method of attaining this object would be to utilize as electrodes a number of 
metals, each of which emits many lines. The nature and amounts of the metals 
sliould be so chosen that gaps in the spectrum of one are filled by lines from the 
others. Such a source has been developed for the visible region.’ The lines are 
not only closely spaced but are of very nearly ecfual intensity, so that the weaker 
ones can be photographed without overexposing the stronger ones. The electrodes 
are of carbon coated over with a fused mixture of the oxides of vanadium, titanium 
and molybdenum. The method is not, however, available as yet in the ultraviolet 
region. For measuring the broad fused systems of absorption bands of substances 
in condensed systems, that is, of litfuids or of solutions, especially where a very high 
degree of quantitative accuracy is not required, the source of the ultraviolet radia- 
tions may be either the iron or the tungsten spark, both of which have many lines. 
Where it is desired to bring out the finer structure of tlie absorption bands, particu- 
larly in the case of gases, recourse is had to underwater sparks, to incandescent 
filament lamps burned at high voltage, to cathode-ray bombardment lamps, or to the 
hydrogen dischai'ge tube. 

Underwater Sparks. It has long been known that an arc can be made to 
bum and that sparks can be passed under liquids. In 1851, Masson ^ found the 
under-liquid arc to emit chiefly a continuous spectrum, although in the case of many 
metals, it has since been shown that there is superposed upon the continuous spec- 
trum a bright-line spectrum. The underwater sparks from a large induction coil, 
between many metals, were studied by Wilsing,^ who observed that some of the 
lines were reversed, that is, wholly dark, or bright but marked by a darkened center. 
The reversals are due to the absorption of emitted radiations by some of die metal 
vapor or by colloidal metal dispersed in the water. Being excited when dispersed, 
the atoms are in a condition to absorb many lines. The study of these reversals 
has been an aid in the classification of the lines of various metals.^ Arcing or 

lEppky, M.. J, Frank, Inst., 201, 233 (1926). Some of the new fluorescent lamps discussed in 
Chapter 8 may be of value as spectroscopic continuous sources for the visible and longer wave-len#hs 
of the ultraviolet. Servigne, M., and Vassy, E., Rev. optiqne, 16, 423 (1937); Chem. Abs.. 32. 6154 
(1938). ' 

» Masson, M. A., Ann. chim. phys., 31, 295 (1851), 

«WiJsing, J., Astrophys. 10, 113 (1899). 

6^aly, E. C. C., ^'Spectroscopy/' II, 128, London, Longmans, Green (1927). 
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sparicmg metals tinder iiqnids is one of the standard methods of dis|>ersing the 
metals to form colloidal suspensions. Because of the turbidity thus produced, an 
arratj^’ement for circulating the water must usually be provided when the Under- 
water spark is employed as a source for absorption spectrophotography. 

Among the first to employ the continuous spectrum emitted under water as a 
source for the study of the fine structure of absorption bands were Henri and 
de Laszlo.® Two condensers, each of 2.3 x 10'’^ microfarad capacity, were connected 
in parallel and charged by a transformer supplied with a primary current of 20 
amperes at 60 volts, interrupted 600 times a second. There was an au)ciliary air 
spark gap of 15-20 millimeters and an underwater spark between rods of aluminum 
or copper. The spark was placed S centimeters below the surface and at a distance 
of 10-15 millimeters from a quartz window. The frequency of the oscillatory dis- 
charge was found to be of the order of one million per second. The spark was fairly 
uniform. An exposure of three to five minutes gave a continuous spectrum extend- 
ing as far as 2 100 A. 



Figure 78. 

Howe ® and later Strachan used brass electrodes, wnth 4 to 6 kw. in the primary 
of the transformer and secured a very satisfactory continuous spectrum extending 
to 2200A. Fulweiler and Barnes ® omitted the Tesla coil and employed the arrange- 
ment shown in Figure 78. 

® Htnti, V., atid dcLaselo, H. G., Proc, Roy- Soc., 105A, 668 (1924). 

«Howc, H. E., Phys, Rev., 8, 674 (1916). 

f Strachan, E. K., unpublished communication to Fulweiler, W. H., and Barnes, J., /. Frank. Inst,, 
m, 84 (1922). 

•Fulweiler. W. H., and Barnes, J., /, Frank. Inst., 194, 83 (1922). 
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"iThc dectrodes A condsted of tungsten rods 3.5 nun. in diameter. These were 
momdied in brass rods which screwed into solid rubber stoppers. The stoppers were 
sfoded widt hard wax on the side tubes of a “Pyrex” glass bulb of about 500 cc. 
capadty. By means of the threads on the brass rods the position of the spark gap 
rd^ive to the quartz window B, and also the length of the gap could be easily 
adjusted. Fulweiler and Barnes found under the electrical conditions used that a 



Figure 79. 


spark length of about 0.5 mm. was the most satisfactory. The quartz plate B, 16.5 
mm. diameter, was fixed by washers and screw cap to the end of a brass tube which 
slipped through the side tube C of the vessel and was held in position by a rubber 
tube. The spark gap was about 1 cm. from the window and about 2 cm. below the 
surface of the water which flowed in through the tube D and out at E. For the 
production of the spark, Fulweiler and Barnes employed a G.E. x-ray transformer, 
type K, using 15 amperes from the 110 volt a.c. mains on the primary coil. A mer- 
cury interrupter which made and broke a d.c. current about 120 times a second was 
also employed. For capacity, two Leyden jars of about 0.001 mfd. each were used. 
A zinc spark gap upon which a blast of air was directed was placed in series with 
the tungsten spark. Figure 79 shows this electrical circuit where T is the trans- 
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Figure 80. 


former ; C, the capacity ; S, the external spark gap and W, the tungsten spark. The 
choice of tungsten for the electrodes was made after a careful trial of aluminum 
bra^ iron, nickel, carbon, tungsten and molybdenum. The tungsten gave more rays 
fn the shorter wave-lengths and required very much less adjustment. Using 16 
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kilowatts ill the primary of the transformer, the tungsten electrodes disintegrated 
very slowly compared with aluminum poles used under exactly die same conditions. 
Figure 80 illustrates the continuity of the spectrum thhs obtained* The absorption 
bands are tliose of a 0.1-per cent solution of benzene in ethyl alcohol. The lengths of 
the solution used are indicated on the side of the plate. This photograph was taken 
with a Hilger quartz spectrograph. The top exposure with no absorption tube 
indicates the uniformity of the irradiation. In the original negative the spectrum 
extends to 2050A. 

Snyder ^ employed a Tesla spark maintained under water, and utilized especially 
designed holders for the electrodes. Allin found the uranium spark under water 
to give a perfectly continuous, intense spectrum with neither absorption nor emission 
lines. McNicholas employs spark terminals of tungsten (with about a 16 milli- 
meter gap) enclosed in an ebonite box through which a stream of distilled water is 
circulated. The adjustment and centering of the spark is accomplished by external 
controls. Lewis has compared ductile uranium, tungsten-steel and aluminum as 
electrode materials for the underwater spark.^® 

The theory of the continuous nature of the underwater spark in relation to black 
body radiation has awakened some interest. Wilson has calculated from the 
position of the intensity maximum of the OH absorption bands in some spark 
spectra that the effective temperature of the underwater spark is 5115°. Wyneken 
determined the energy distribution of the underwater spark between aluminum 
electrodes by photographic-photometric comparison with the known energy distri- 
bution of the carbon arc. A definite maximum occurs at 2850A, (with aluminum 
electrodes) where the intensity is approximately three and one-half times as great 
as it is in the neighborhood of 4500A. The position of the maximum would indicate, 
if the radiation were purely thermal, a temperature of 1 0,000° K. The experimental 
curve was, however, much steeper than the theoretical black-body radiation curve 
for this temperature. Substitution of copper electrodes gave no indication that the 
curve depends on the electrode material. The falling off of the curve in the extreme 
ultraviolet was not regarded as due to absorption by the water. Very similar 
results were reported by Wrede.^® An increase in the energy of the discharge 
displaces the maximum intensity towards shorter wave-lengths in conformity, in 
the case of zinc, with Wien's law for temperature radiation. For smaller discharge 
energy, the temperature of the spark was calculated to be of the order of 7500°K. 
and for greater energy 1 0,000° K. In the case of aluminum and magnesium the 
shift with increasing energy of discharge was less marked than with zinc, cadmium, 
copper, lead or tin. The temperatures so determined refer to the inner part of the 
spark, while the much lower temperature found by Wilson probably refers to the 
mantle surrounding the spark, since his determination was made by calculation from 
the maximum absorption of a band spectrum. By this method, Stiicklen^'^ calcu- 
lated the temperature of the absorbing OH mantle around the underwater copper 
spark to be 3000°Abs. 

Snyder. V. D., J. Am, Chem. Soc., 49, 2S10 (1927). 

E. J, Trans. Roy. Soc. Canada, 21, Section 3, 231 (1927). 

^McNicholas, H. J., Bureau Standards J. Research, I, 939 (1928). Details of construction also 
are given. 
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Iitcaxide^cent Sources. Cohn and Andresen-Kraft suggested as a con- 
tinuous source for absorption work, the light from cathode-ray bombardment 
(either in a gas or high vacuum) of a thorium-layered anode. The spectrum 
was said to extend from 2200 to 6000A, with a maximum intensity at 4S00A. 
Weingeroff,^^ however, did not believe this source to meet the requirements of 
a truly continuous spectrum. De Kowalski and later Gelhoff used tungsten 
lamps at 20 to 30 per cent over-rating. (See Chapter 3.) This method gives a 
continuous but somewhat expensive source, as the lamps burn out quickly. 
In lamps intended for such use,^^ the filament may be put half as close as usual 
to the wall, a portion of the latter being of quartz. Weingerofi described a 
source in which a tungsten cylinder in vacuum, nitrogen or a noble gas is made 
to glow by an electric current. The Osram Co. produce a tungsten lamp in 
Uviol glass which operates at 250 volts and 2 amperes, and ti'ansmits a con- 
tinuous spectrum to 2900A. 

Hydrogen Discharge Tube. The continuous molecular hydrogen spectrum 
was first observed by Dove,^^ according to Chalonge and Ze.^^ Freeman has traced 
the history of work on this phenomenon.^® It was shown by Horton and Davies 
that slow-moving electrons in hydrogen produce a continuous spectrum. Lemon, 
using a discharge tube with a Wehnelt cathode, found that by vai'ying the filament 
temperature, he could get in succession, and almost pure, Balmer lines, the molecular 
spectrum of hydrogen and the continuous spectrum.^® Carst concluded, as did 
Horton and Davies, that the hydrogen molecule is the carrier of the spectrum, 
which is distinct from the continuous spectrum which is to be expected at the series 
limit. The use of the hydrogen discharge tube as a source of continuous ultra- 
violet radiation was introduced by Tingey and Gerke.''^*^ Tlieir source, however, 
lacked intensity, and exposures of at least an hour often were necessary, 

Gehrcke and Lau described the structureless nature of radiations emitted 
between 33CK) and 195()A by pure hydrogen in an alternating current discharge in an 
inside silvered tube. Bonhoeffer and Steiner employed this source in the absorp- 
tion spectrophotometry of hydrogen iodide. 

A great impetus to the more general use of the hydrogen discharge came from 
the work of Bay and Steiner/"*® who increased the intensity by employing an end-on 
arrangement. Also the current density was made as high as possible by loading 
the tube heavily. They employed aluminum electrodes extending close to the walls, 
the electrodes having areas of 300 square centimeters. It was stated that the elec- 
trodes could carry as much as 500 milliamperes for a day. To get the current 

^Cohn, W. M., and Andresen-Kraft, C, Z. tech. Physik, 12, 428 (1931); /. Am, Cctam. Soc , 15, 
122 (1933). 

Weingeroff, M. A., Physik. Z. Sowj., 2, 278 (1932), 
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“British P. 359,712, October 29, 1931, to N. V. Philips* GlociUmpenfabriekcn. 

“Dove, Pogff, Ann., 104, 186 (1858). 

“Chalonge, D., and Ze, N. T., /. Phys. Radium (7), 1, 416 (1930). 

“Freeman, I. M., Asmphys. 64, 122 (1926). 

“Horton, F., and Davies, A. C., PUl. Mag., 46, 892 (1923). 

Lemon, H. B., Nature, 113, 127 (1924). 

“See also Richardson, O. W., and Tanaka, T., Proc, Roy. Sue., 106A, 640 (1924). 

“Carst. A.. Ann. Physik, 75, 665 (1924). 

“Tingey, H. C., and Oerke, R. H., J. Am. Chem Soc, 48, 18 3 8 (1926); see also Bates I R 
and Tgyfor, H. Ibid., 49, 2441 (1927). ’ 

“Gdhrcke, E.. and Lau, E., Ann. Physik, 76, 673 (1925). 

** Boldioeffer, K. F., and Steiner, W., Z. physik. Chem., 122, 287 (1926). 
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density big'll, the Itirainous portion of the tube was constricted One of their tnhes 
was water-cooled at the constriction. The tube (Figure 81) consisted of an ordi- 
nary glass tube (L) 60 centimeters long and 5 millimeters in diameter X, two 
electrode vessels (G), one of which has a tube (R) carrying a quartz or fluorite 
window and the other a 5-liter bulb (V). The apparatus was supported witfi the 
lower luminous tube in a bath with flowing water. The tube Was filled with 
hydrogen at 1-2 millimeters pressure and sealed- Failures of these tubes led them 
to develop a tube that would operate under loads up to 500 or even 700 milliatn 
pcres,®'* which is important since the ultraviolet emission increases with the current 
density. The ratio of ultraviolet emission to the radiations in the visible range 
increases with the hydrogen pressure. For the continuous radiation from the 
hydrogen lamp, the ratio is 6:1, while that of the mercury lamp is only 0.6:1. Bay 
and Steiner®® also made use of an electrodelcss oscillating discharge in well-dried 
hydrogen. 



Figure 81. Hydrogen Discharge Tube of Bay and Steiner (Zeitschrift fur Physik). 

Another development of the discharge tube was made by Lambrey and Cha- 
longc,®® who used only 15-30 milliamperes to operate the tube for five minutes 
They extended their work to include tubes with both interior electrodes and tubes 
with only exterior electrodes operating at 500,000 cycles. They found that as the 
pressure increases, the intensity of the continuous spectrum passes through a maxi- 
mum at a hydrogen pressure of 2-3 mm. For a given pressure, the intensity 
increases with the current, but the energy distribution is not modified. As com- 
pared with a carbon arc, the intensity is about 2.1 times as great at 4400 A and 23 
times as great at 2200A.®® 

Considerably greater currents were carried in a tube devised by Lawrence and 
Edlefsen.®® The electrodes were aluminum cylinders 6 centimeters in diameter and 
40 centimeters long, open at the bottom and closed at the top, and attached to tung- 
sten leads passing through “Pyrex’" containing tubes. The bottom edges of elec- 

•*Bay, Z., and Steiner. W.. Z, Physik, 59, 48 (192^). 

»Bay, Z., and Sterner, W., Z. Elckirochem., 34, 657 (1928). 

“Lambrey, M., and cialongc, D., Cotnpt rend,, 184, 1057 (1927). 

“ tiambrcy, M., and Chalonge, D., Compt. rend,, 188, 1104 (1929). 

“See also Cbalonge, D., and Ze, N. T., Compt. rend,, 190, 632 (1930); Chalonge. D., Z. Astrophys,, 
15, 82 (1938). 

“ Lawrenee, E. O., and Edlefsen, N. E,, Rev, Sci, Instruments, 1, 45 (1930). 
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tr<xte$ were roiiiwied off mi tnade dosc-ffttitig to the containing^ tubes for cwling 
hy oonduction* The two large **FyTex*^ tubes containing the electrodes were joined 
through a tube of quartz 7 millimeters in diameter and 60 centimeters long. The 
connecting tube was sealed to the confining tubes by a water-cooled wax joint. The 
tube was insealed into short quartz tubes of larger diameter at each end and the 
larger quartz tubes were waxed to *Tyrex’' side tubes. Two inflow jets of water 
flowed in the region between the small and large quartz tubes and kept the wax 
joints cool despite the great generation of heat nearby. The whole tube was 
immersed in a tank of water to the dotted line (Figure 82). This cooling was 
adequate for 6.5 amperes at 3000 volts, but the tube was ordinarily run at 3 amperes. 
There was some unsteadiness and bumping at the middle of the connecting tube 
unless additional water jets were provided along the quartz tube. The tube was 
used end*on, through a quartz window W waxed on a ‘Tyrcx” side tube through 
the tank wall. 



Figure 82. Water-cooled Hydrogen Discharge Tube of Great Carrying Capacity 
(Lawrence and Edlefson, Review of Scientific Instruments). 

It was only necessary to evacuate the tube by an oil pump to 0.01 millimeter and 
flush it several times with commercial tank hydrogen. The pressure was not very 
critical, and the hydrogen pressure was merely reduced to allow a discharge of 
several amperes to pass at 3000 volts. Lines appeared at first but after several hours 
to a day of operation, the lines due to impurities disappeared and the region from 
3000 to 2000A became continuous. Two large flasks (R) served as hydrogen reser- 
voirs. The tube could be operated steadily over long periods. Data obtained by the 
aid of a monochromator and thermopile indicated that the intenvsity of the ultraviolet 
dees not vary greatly from the near ultraviolet to 2000A. The intensity at 2S36A 
seemed of the same order as that obtained from a Cooper-Hewitt lamp at ordinary 
currents. The tube yielded about ten times the intensity of the first Bay and Steiner 
tubes, and was much more intense than the usual ultraviolet available for spectros- 
copy, exposures of 0,1 second being adequate. 

Other tubes were described by Kistiakowsky and by Urey, Murphy and 

««^gfijikowsky. G. B., Rev. Sci Instruments, I 549 (1931). 
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Duncan.*^ iTbt latter tube^ of glass^ was very compact and so wdi cooled tlmt 
currents up to 2 amperes could be carried for long exposures without breakage. 
One end only is indicated in Figure 83 ; the other is identical. The tube was com- 
posed of ^Tyrex^* with crystal quartz windows stuck on each end with de Khotinsky 
cement The electrodes D were cylinders of sheet aluminum, the edges of which 
were spot welded. They were joined to the ttangsten lead A by German silver wire. 
The electrodes were held by glass prongs. A rapid stream of water flowed into B 
and after circulating around the inner tube flowed out again at the other end. Two 
small cooling jackets were placed near the windows to prevent the wax from 
getting warm, but they did not seem necessary. The inner tube through which the 
discharge passed was moistened with silver nitrate solution which was readily 


Figure 83. 

Hydrogen Discharge Tube of Urey, Mur- 
phy, and Duncan (Revietv of Scientific Instru- 
ments). 





reduced to silver by the discharge. The tube was evacuated at C and in the same 
position at the other end a palladium tube was connected by a soft glass-to~‘Tyrex*’ 
graded seal. Hydrogen was admitted through the palladium by heating the latter 
with a small hydrogen flame. The discharge was run repeatedly with the addition 
of hydrogen and evacuation until the spectrum seemed satisfactory, as viewed with 
a direct-vision spectroscope. The tube was sealed off from the pumping system at 
C. As the hydrogen gradually cleaned up, more could easily be added at the pal- 
ladium tube. A 5-kv. autoregulating transformer supplied the high potential. With 
110 volts and about SO amperes on the primary, it gave 2500 volts on the secondary. 
An ammeter in series with the tube showed 2 amperes under the best operating 
conditions. A fan was directed on the outside of the tube as a further aid to 

^^TJrcy, H, C., Murphy, G. M., and Duncan, J. A., JiRV. Set, Instruments, 3, 497 (1932) 
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cooUn^i Even alter long exfwjsures, the tube remained quite cool, and was satis- 
factory after a year of use. Employed with the Hilger El spectrograph, it was 
possible to obtain certain bands of nitric oxide at 2050 and 21S0A in absorption 
with exposures of one to five minutes, using Eastman U. V, Spectroscopic Plates. 
Dawson^ described a tube for discharge in hydrogen at 30 to 100 millimeters 
pressure. The tube could be viewed side-on through a constricted quartz tube 
joining two hollow electrodes in glass supporting tubes.*® 

According to Henry, the hydrogen discharge tube has become the most suitable 
and probably also the most used continuous source.** Most such tubes give inten- 
sities which are too weak. Henry modified somewhat the disposition of the elec- 
trodes and employed hydrogen at a pressure of 4 millimeters. He used 1200 volts 
at the electrodes and usually 2 amperes, although this could be raised to 3.5 to 4 
amperes. 




Figure 84 . 

Hydrogen Discharge Tube of Munch (JoMt- 
ml American Chemical Society). 


Munch states that the hydrogen continuum rnny be excited at about 5 per cent 
of the voltage required by other discharge tubes and without water cooling, by means 
of thermoelectrons from a hot cathode. For example, the low voltage arc of Duffen- 
dack and Manley may be utilized. This arc passed between a heated tungsten 
filament and a disk anode, in a tube containing a palladium tube to admit hydrogen 
and a quartz window sealed on with wax. Munch modified this tube by employing 
an oxide-coated cathode (C in Figure 84). This cathode is a 0.48 x 15.25 centimeter 
piece of nickel gauze bent into a corrugated form having a 0.48 centimeter cross- 

*3Daw»on, L. H., U. S. P. 1,922.281, Aug. IS. 1933; Chem. Abs., 27, 5006 (1933). 

«See also Stevens, D. S., Rev. Sci. Instruments, 6, 40 (1935). 

Henry, L., /. chim. phys., 31, 665 (1934). 

R. H., J. Am. Chem. Soc., 57, 1863 (1935). 

Du'Rcndack, O. S., and Hanley, J. H., J. Opt, Sec. Am,, 24, 222 (1934). 
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section, suspended between a cathode shield of nickel and a nickel wire and coated 
with barium and strontium carbonates. The cylindrical cathode shield, S, of 0425 
millimeter nickel, 4.06 centimeters long and 1.25 centimeters in diameter, forms one 
lead to the cathode and is closed at the bottom by means of a porcelain disk througfh 
which the second cathode lead passes. The only opening: in the shield is a 0.66 X 3 
millimeter slit cut in a piece of 0.25 millimeter sheet tungsten welded in the side. 
The surrounding anode (A) is a 2.2x2.86 centimeter nickel cylinder with a hole 
(B) to correspond to tlie slit in the cathode shield. The electrodes are mounted on 
a five-wire stem and scaled into a 10-centimeter ‘Tyrex” bulb. A thin window (W) 
is made opposite the slits by blowing a bubble about 3.2 centimeters in diameter, 
melting it back to about half its height and sucking it in carefully. The palladium 
tube (P) is silver soldered to a copper tube (T) the end of which is flared and 
sealed on the outside of a piece of Nonex which is fused to the 'Tyrex^' from which 
the bulb is made. The tube is evacuated and freed of all traces of moisture or carbon 
monoxide. The glass and metal parts are outgassed by passing a discharge through 
the tube and sweeping it out with a stream of hydrogen at 2-4 millimeters pressure. 
The hydrogen is admitted by holding a Bunsen burner under the palladium tube. 
When the spectrum becomes continuous below 3657 A, the tube is sealed off. The 
cathode requires 9 amperes at aboni 3 volts, supplied by a step-down transformer and 
connected in series with a rheostat and ammeter. The anode circuit, also containing 
a rheostat and ammeter, may be connected to any 110- volt circuit. In operation, 
the potential drop between anode and cathode is 30-35 volts. The whole discharge 
between the cathode and anode must pass through the small slit in the shield and is 
viewed through the opening in the anode. It can operate continuously at a current 
of 1.5 ampere, the current density being 75 amperes per square centimeter. This 
may be increased considerably for short periods. In compari.son with the intensity 
of the mercury lines of a ^‘Laharo,^' both sources being run at 1 ampere, the con- 
tinuum was 25 per cent as intense as the 2483 and 26S2A lines, 7 per cent as intense 
as the 2894 and 3022A lines and 12 per cent as intense as the 3350 A lines. 

Other descriptions of tubes for this purpose were made by Watson and Hurst, 
Almasy and Kortiim,^^ Jacoby and Smith.^’® Hydrogen discharge tubes carrying 
up to 1 ampere have been prepared by the Hanovia Co. 

According to the llilgcr Co., the distribution of radiation from hydrogen dis- 
charge tubes is so far from uniform that the tubes cannot be used for measurements 
of density with their “Spekker^' photon)eter. I'urtliennore, when run on alternating 
current, the intensity of radiation increases to a maximum and dies away to zero 
once in each half-phase of tlie applied alternating current, so that it cannot be 
assumed that for any speed at which the use of a sector fulfills the reciprocity law, 
the effective density of the sector can be derived from its aperture. To overcome 
this, a rocking quartz tube has been made available. Its speed of oscillation is such 
that the energy received by the apertures of the '‘Spekker'^ photometer is uniform 
over that area, in a vertical plane, for all exposures over twenty seconds. 

Smith and Fowler have described a 220-volt d.c. discharge tube which can be 
operated with currents as high as 20 amperes to give an intense ultraviolet con- 
tinuum. (Figure 85). The cathode of 25 cm. of 40 mil tungsten wire was attached 

« Watson, W. H., and Hurst. D. G.. Can. /. JReseatrk, 13A, 19 (1935). 

** Almasy, F., and Kortum, G., Z. hlektrochem., 42, 607 (1936). 

"Jacoby, G., Z. tech. Physik, 17, 382 (1936); Physik. Z. 37, 808 (1936). 

"Smith, N. D., /. Opt. Soc, Am., 32, 2832 (1938). This tube uses a 5.3 cm. capillary of 
rectangular cross-section 1.3X6 mm., with a gas pressure of 1-2 mm. 

Smith, A. K, and Fowler, R. D., J. Opt. Soc. Am., 26, 79 (1936). 
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to the water-cooled cathode leads of coptMtr tubing by set screws. The leads were 

attachti to t!ic ^Tyroc"* cathode section (C) by copper-to-'Tyrcx'* seals (F). Tl^ 
$laiiwant ctirrent (50-60 amperes) was stappHed by a 220 to 30-volt transformct. Th^ 
<£bdiatg:e tube (A) was of 7 mm. inside diameter quartz tubing attached to a 100 cc. 
quartz fla^, which was sealed with picein to a water-cooled metal ring (B)* 
"iljis metal ring in turn was sealed with picein to the cathode section (C). The 
anode consisted of a hollow copper male joint (D), sealed with picein to a No. SO 
Pyrcx joint (E), the anode chamber. The latter was attached to the quartz dis- 
charge tube by means of a water-cooled picein seal. A quartz window was sealed to 



FigOke 85. Hydrogen Discharge Tube of Smith and Fowler (Journal 
Optical Society of America). 

the far end of the hollow anode. For a given potential across the tube, the pressure 
for greatest intensity of the continuum was not very critical, but it varied greatly 
with the voltage. Pressures of 0.20 to 0.27 mm. were usually employed with poten- 
tials of 220 volts, 

Theohy of the Continuous Spectra of Hydrogen 

To discuss the many investigations directed toward an understanding of the 
theory of the origin of the continuous spectrum which extends from the visible to 
the Schumann region would lead us far beyond the scope of this book. A thorough 
discussion of the origin of the continuous spectra of gases, with 323 references, has 
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been given by Finkeltiburg.®® Chalonge and Z€ have reviewed in detail the work 
relating to the hydrogen spectrum* Beyond the Balmer lines there lies (as dis- 
cussed in Chapter 2) a continuous spectrum related to the excitation of the hydrogen 
atom beyond its ionization potential, as explained by Bohr,®^ In the discharge tube, 
the Balmer lines are widened by the Stark effect and the related continuous spectrum 
is displaced toward the red. Chalonge and Z6 have found evidence also for the 
existence of another continuous spectrum similarly related to the Paschen series of 
lines and extending into the infrared. 

These continuous spectra are not, however, very significant in the radiations 
emitted by the tubes described in the preceding section. The effective continuous 
spectrum is related to the hydrogen molecule, which itself produces a '^secondary/* 
many-lined, or band, spectrum, regarding which there is a vast literature. One of 
the earliest theories relating the hydrogen molecule to the continuous spectrum 
produced in these sources assumed the spectrum to be due to dissociation of the 
hydrc^en molecules into atoms possessing various kinetic energies, the radiations 
being emitted during their recombination.®® 

Discrepancies in regard to the relation between the heat of dissociation of the 
hydrogen molecule and the long wave-length limit of the continuum led to a number 
of suggestions in which variously excited, rather than resting state, molecules were 
regarded as dissociating.®’^ 

More recently, efforts have been directed toward the examination of the poten- 
tial energy curves for the atoms of the hydrogen molecule from the standpoint of 
the wave-mechanics, the general features of which in relation to photochemistry are 
discussed in Chapter 13. For the reader desiring to study the application of these 
theoretical developments to the hydrogen continuum a few significant papers are 
cited.®® 

«» Finkdnburg. W., Physik. Z„ 31, 1 (1930). 

"Chalonge, D., and Zi, N. T., /. Phys, Radium, (7) 1, 416 (1930). 

"Bohr, N., PhiL Mag., 26, 17 (1913). 

"Chalonge, D., and Z€, N. T., Compt. rend., 189, 243 (1929); 190, 425 (1930). 

"Schuler, It, and Wolf, K. L., Z. Physik, 33, 42 (1925). 

"Takahashi, Y., Japan. J. Phys., 4, 103 (1927): Chem. Abs., 21, 3829 (1927). Takahashi, Y. and 
Fukumoto, Y., Scu Repts. Tohdku Imp. Untv., 17, 675, 963 (1928): Chem. Abs., 23, 3834 (1929). 
Freeman, I., Asirophys. 64, 122 (1926). Oldenberg, O., Z. Phystk, 41, 1 (1927). Hcraberg, <»., 
Physik. Z., 28, 727 (1927). jezew^ki, H., Compt. rend. soc. polonaise phys., 3, 161 (1927); Chm^* 
Ahs., 23, 5106 (1929). Newman, Phil. Mag., 6, 807 (1928). Kaplan, T., Proc. Nat. Acad. Sci.» 13, 
760 (1927). Winans, J. G,. and Stueckefberg, E C. G., Ibid., 14, 867 (1928); Franck, J., and 
Jordan, P., **Anregung von Quantensprungen durch Stdsse,'* p. 261, Berlin, J. Springer, 1927. 

"Heitler, W., and London, F., Z. Physik, 44, 455 (1927). Sugiura, Y., Z. Physik, 45, 484 (1927); 
/. Phys. Radium, 8, 113 (1927). Birge, R., proc. Nat. Acad. Set., 13, 462 (1927). Condon, E. U., 
Phys. Rev., 28, 1182 (1926); Proc. Nat. Acad. Set., 13, 462 (1927). Franck, J., Trans, Faraday Soe., 
21, part 3, (1925). Epstein, P. S., and Muskat, M., Proc. Nat, Acad. Set., 15, 405 (1929). Gold- 
stein, L., Compt. rend., 193, 485 (1931). Smith, A. E. and Fowler, R. D., /. Opt Soc. Am., 26» 79 
(1936); McDonald, J. k. L., Proc. Roy. Soc., A 136, 528 (1932), Finkelnburg, W., and Weizel. W., 
Z. Physik, 68, 5 7 7 (1931). 



Chapter 10 

Protective Glasses, Ultraviolet-Transmitting 
Glasses and Filters 

The ability of glasses of various compositions to absorb or transmit ultraviolet 
or other radiations is Of importance when viewed from either of two opposite 
aspects. It may be desired on the one hand to develop a glass capable of protecting 
the eyes of a worker from injurious radiations, or, on the other, it may be desired 
to produce a glass which transmits the solar ultraviolet more completely than ordi- 
nary window glass,^ Mention of protective glasses is made here to remind the 
experimentalist not to disregard suitable protection for the eyes when working with 
ultraviolet rays. 

Protective Glasses 

Exposure to rays emitted in electric welding and in the employment of the oxy- 
acetylene torch for cutting and welding steel has been the cause of many cases of 
inflammation of the eyes. In arc welding, the eyes require protection from intense 
visible light or glare, from intense infrared or heat rays and from ultraviolet radia- 
tions. Andres 2 affirms that the ultraviolet rays are the most dangerous because 
they are |iOt only invisible but also because wc are unprovided by nature with any 
organ or sense for detecting them. Furthermore, it should be noted that the harmful 
effects are not immediately produced but become evident only some time after the 
exposure. Fortunately, the most deleterious of the ultraviolet rays are absorbed by 
a moderate thickness of ordinary glass. 

The symptoms of conjunctivitis caused by intense light or by ultraviolet rays 
are abnormal intolerance to light, excessive secretion of tears, intense smarting of 
the lids, contraction of the pupils, sometimes swelling of the lids, and more rarely, 
small ulcers developing on the eyeball or cornea. Fortunately, the lesions are 
usually superficial, because the cornea absorbs all radiations below 3000A and the 
lens those below 3500A, thereby protecting the retina. However, unless properK 
treated by a physician, infection may occur, resiilting in chronic inflammation of 
the conjunctiva, cornea, iris or retina and possibly blindness. Under proper treat- 
ment, most cases recover in a few days. 

In 1914, Crookes ^ investigated over 300 specimens of glass in an endeavor to 
find a colorless glass which would absorb all the ultraviolet and infrared rays. 
Although he did not find a colorless glass which met this specification, he developed 
a blue-green glass which absorbed about 90 per cent of the radiant heat and which 
was opaque to ultraviolet rays. The glass was sufficiently free from color to be 
scarcely noticeable when used as spectacles. The ideal glass which will transmit all 

1 Chance, W, H. S.. and Hampton, W. M., iProc. OpticiU Convention, 1926, 1, 24; Chem Ahs., 21, 
JUl (1927)], reviewed the caily manufacture of the filtering glasse.s produced by Chance Bros. & 
Co., Ltd. Mcfthods of measviring the transmission of ultraviolet rays by glasses were discussed by 
ShapifCi, C. V., Am. J. PhystoL, 87, 396 (1928), and Schachtschabcl, K, Ann. Physik^ 81, 929 (1926). 

*A«drcu?«, W. S., Gen. Electric Rev., 9 , 303 (1917). 

9 Crotiikes, W., Trans. Roy. Soew., 214, 1 (1914). 
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the color$ of the spectrum, cutting off the invisible rays at each end, has still to be 
discovered. 

I^uckiesh,* Gage® and Martin® have given data on the transmission of the 
earlier commercial protective glasses. The latter also have been studied at the 
Bureau of Standards,*^ 

A number of commercial glasses, including 82 examined by Gibson and 
McNicholas, were investigated. Crookes A, Coming 91B, American Optical Co. 
Nos. 57 and 58, and Noviol O were most efficient in protecting against ultraviolet 
rays. The latter two, the most efficient, were not nearly so colorless as the other 
three. A combination of Noviol A and Corning 124J absorbs all the ultraviolet 
and most of the infrared and, although light green, still has a high visible trans- 
mission.® The Bureau developed a blue glass for furnace workers by replacing half 
the lime in a soft soda-lime glass with cerium oxide to stop the ultraviolet and 
adding sufficient cobalt oxide to produce the blue color desired by workmen. The 
glass registered 20 + 8 on the Lovibond scale.® The glass may contain Si02 60-80, 
CaO 0-12, CeO 5-10, CoO 0.1-0.5 and Na20 12 25 percent.^® A thin film of gold^^ 
absorbs infrared and ultraviolet and to some extent visible rays, depending upon the 
density of the Inagaki reported Noviweld and certain Crookes glasses suit- 

able for specified uses in glass pilants.^® Coblentz and Stair have published trans- 
mission curves of optical crown glass, and several commercial protective glasses. 
See Figure 86,**® Average samples of colorless, vitreous silica were much more 
opaque than was quartz to radiation shorter than 2400A. A formula for specifying 
the shade number of protective glasse*^, based upon experimental tests, was given, 
together with a table of transmission.^ and tolerances, corresponding to shade num- 
bers, as proposed by a Federal specification committee. The specifications we'»'e 
somewhat revised in 1930.”'® 

A glass advocated by the Corning Glass Works for absorbing ultraviolet 
radiations is made by adding to an ordinary lime, barium, lead, or zinc glass batch; 
(A) at least 6 pier cent of titanium dioxide, and oxidizing salt (nitre) in sufficient 
quantity to prevent the reduction of the titanium dioxide, with or without cerium 
oxide or vanadium oxide; or (B) at least 1 per cent of an oxide of vanadium higher 

♦Luckiesh, M., Trans. III. Eng Soc., 9, 472 (1914). 

5 Gage, H. P., Ibid., 11, 1050 (1916); 25, .337 (1930). 

® Martin, L. C., Trans. Opt. Soc, 18, April (1917). 

Coblentz, W. W , and Etnerson, W, B., Tech Paper No, 93 (1917), Bureau of Standards , 
J. Frank. Inst., 183, 629 (1917); Coblentz, W, W., Emerson, W. B., and Long, M, B., Bull. Bureau 
of Standards, 14, 663 (1918); L Frank. Inst., 188, 2 5 5 (1919); Gibson, K. S., and McNicholas, H. J,, 
Bureau of Standards Tech Paper No 119 (1919); /. Frank. Inst., 187, 630 (1919). For data on the 
absorption of cobalt glasses, see Erode, W., J. Am. Chem. Soc., 55, 939 (1933). 

«Sce also Wright, P., Brit. J. Radiology, 2, 434 (1929). 

»/nd. Eng. Chem., News Ed, 3, No. 24, 6 (1925); Coblentz, W. W., U. S. P. 1,637,439, Aug. 2, 
1927; Chem. Ahs., 21, 3114 (1927). 

10 Coblentz, W. W.. and Finn, A., /. Am. Ceram. Soc., 9, 423 (1926^; Brit. Chem. Abs., B, 667 
(1926). 

11 Finely divided gold particles have also been proposed; Warde, F. M. British P. 341,187# Nov. IS, 
1929; Chem. Ahs., 27, 2273 (1933). 

1“ Sec Grondall, L. O., Science. 70, 179 (1929). For other metallic films obtained cathodic 
sputtering, see Taylor, E. M., Staffoid, G., and Rodwell, R. V., and Kapella, Ltd., British P. 479,238, 
Feb. 2, 1938; Chem. Ab.^., 32, 4938 (1938). 

i» Inagaki, T., Kept. tab. Asahi Glass Co., 1921; Chem. Abs., 16, 3185 (1922). 

1* Coblentz, W. W., and Stair. R., V. S. Bureau Standards Tech. Paper No. 369, 5S5 (1928). 

The transmissions of several mi-iceUaneous mateimls, as molher-^of-pearl, sextant and signal 
glasses, heat-transmitting glass, greenish-brown glass, and the organic materials “poUopas’* and 
’^protectoid” were also given. 

» Coblentz. W. W.. and Stair. R., J. Opt. Soc. Am., 20, 624 (1930). 

^•British P. 118,397 and 118,398, April 15, 1918, to Corning Glass Works; /, Soe. Chem. Jntf., 
584A, 1918. For snow glasses, see also Dcgea, A.-G., British P. 466,262, May 25, 1937; Chem. Abs., 
31, 8144 (1937). 
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V^Og, with or withomt an oxidking agent and a compl^mentapr, but absorp- 
tivdy inert substance (manganese dioxide, cobalt, nickel or uranium oxide) to 
change Ihe hue of the glass from green to amber. Titanium dioxide is about half as 
effective as cerium oxide, A lime-soda glass containing 7T per cent titanium 
dioxide and 7,7 per cent cerium nitrate is a brilliant clear yellow, and in plates two 
mm, thick completely cuts off the 3650A line. A glass containing both cerium 
nitrate and titanium dioxide has a more brilliant color and greater desirable absorp- 
tion than a glass containing one of these substances superimposed on a glass con- 
taining the other. The addition of borax increases the refractive index of the glasses 
containing titanium dioxide. A large percentage of borax in a glass containing 



Figuee 86. Transmission Curves for Various Protective Glasses (Coblentz and 
Stair, “Bureau of Standards Technical Papers”). 


vanadium oxide completely cuts off the ultraviolet 3650A line in plates of 4 mm. 
thickness. If 2 per cent of vanadium oxide be used, the same cut-off is effected by 
plates 2 mm. thick. 

Up to 10 per cent of rare earths is used by Deutsche Spiegelglas A.-G,^^ 
Taylor describes a glass for absorbing ultraviolet rays in which titanium oxide 
is an essential constitutent. He also obtains a flesh-colored glass of high ultra- 
violet absorption and good visible transmission by using 3 to 6 per cent cerium 
dioxide and 0.2 per cent manganese dioxide with silica, potash, soda and lime* In 
another instance it was proposed to use as the only coloring oxide, 0.2 to I per cent 

French P. 720,075, July 16, 1931, to Deutsche Spiegelglas, A.-G.; Chem. Ahs., 26, 3892 (1932). 
« Taylor, W, C„ U. S. P. 1,292.147 and 1,292,148, Jan. 21, 1919; Chem, Ahs., 13, 1005 (1919). 
»%ylor, W. C., U, S. P. 1,414,715, May 2, 1922; Chem. Ahs., 16, 2206 <1922). 




VLTRArtOLBT-TRANSMtTTlNG GLdSSMS 

of ferric oxide, m making a glass which transmits no ultraviolet, but 84 per cent 
of the visible, through 2 To absorb both infrared and ultraviolet, not less 

than 0.3 per cent of cobalt and iron oxides, or 0.5 per cmt of AsgOs and SbjjjOa 
may be added. Cadmium sulfide and ferrous oxide have also been advocated.^* 
A glass, said to be efBcient in absorbing ultraviolet rays and practically colorless, is 
made by Chance Bros.^® by using two or more ultraviolet-absorbing ingredients, 
the colors of which neutralize each other. A glass containing approximately 3.3 
per cent of cerium and 0.7 per cent of didymium (added as oxides or hydroxides) 
is said to be practically colorless and efficient in absorbing ultraviolet rays. Another 
glass transmitting 80 per cent of visible light with but little selective absorption and 
cutting off all waves shorter than 3800 A. contains a small proportion of chromium 
and vanadium.®^ E. A. Busch A.-G. Optische Ind.®® colored lenses, regulating the 
tint as desired, by a suitable glaze, which might be applied only to the upper edge 
of the glasses, through which it was stated the dangerous rays usually enter the eye. 
The firm of Zeiss described a glass which greatly weakens rays between 7000 and 
iSjOOOA and those below 3600A, while transmitting the visible range. Frank ^ 
adds to the glass batch a small quantity (0.00256 part by weight) of a mixture of 
MnO^, 3 and Fe 203 , 2 parts. A thickness of 1.5 mm. absorbs a large proportion of 
ultraviolet and infrared rays without appreciably reducing the visible. Also, it is 
stated that laminated glass, with intervening sheets of celluloid or the like, may be 
made to exclude ultraviolet.^® 

A simple means of evaluating eye-protective glasses was proposed by Bloch.®® 
In the ultraviolet (isolated by a ^‘black glass” filter of the Sendlinger Optischer 
Glaswerke), the transmission of a standard quartz lamp light is estimated from the 
degree of fluorescence excited on a standard test paper. The results agree well with 
spectrographic determinations. 

Starkie and Turner in transmission studies of sections cut from commercial 
food containers and ground to 2 mm. thickness, demonstrated a rather definite 
increase in absorption with rise of the content of ferric oxide. Titanium dioxide 
also absorbs ultraviolet light, but the amounts found in commercial glasses, usually 
below 0.02 per cent are too small to function greatly.®' Translucent sheets of cellu- 
lose hydrate are rendered impermeable to ultraviolet rays by treatment with aqueous 
pine bark extract, according to Gerngross and Callo.®® 

French P, 760,998, March 7, 1934, to Pittsburgh Plate Glass Co.; Chem. Abs., 28, 4195 (1934). 

» German P. 550,782, May 6, 1927, to Deutsche Spiegelglas A.-G.; Chem. Abs., 26, 4929 (1932). 

“French P. 752,615, Sept 27* 1933, to Veircries dc Goetzcnbruck; Chem. Abs., 28, 1160 (1934). 

“GeJl, 'P. V. W., Gould, C. E., Hampton, W. M., and Martin, H. S., U. S. P. 1,634,182* June 2S, 
1926, to Chance Bros. & Co., Ltd.; British P. 256,737, June 5, 1925; Brit. Chem. Abs., B, 878 (1926); 
Chem. Abs., 21, 2775 (1927), 

“Gould, C. E., British P. 316,464, Sept, 8, 1928, to Chance Bros. & Co., Ltd.; Brit. Chem. Abs., 
B, 816 (1929). 

“German P. 424,811, Jan. 10, 1925, to E. A. Busch, A *0. Optische Ind.; Brit. Chem. Abs., B, 
789 (1926). 

“British P. 252,130, May 16, 1925, to Firm of C. Zeiss Co,; Chem. Abs., 21, 1528 (1927). 

“Frank, I., U. S. P. 1,615,448, Jan. 25, 1927; Brit. Chem. Abs., B, 365 (1927); Chem. Abs., 21, 
808 (1927). 

“Murray, G. H., U. S. P. 1,958,013, May 8, 1934; Chem. Abs., 28, 4196 (1934). 

“Bloch. L., Gas und Wasserfach., 70, 1229 (1927); Chem. Abs., 22, 850 (1928): Bn#. Chem. Abs., 
B, 231 (1928), See also Danckwortt, P., and Jurgens, E.. Arch. Fharm., 272, 713 (1934). 

“Starkie, D.. and Turner, W. E. S., J. Sac. Glass Tech., 12, 27 (1928); Chem. Abs., 22, 2821 
(1928). 

« Smith, A. W., and Shcard, C., f/. 0/»#. Sac. Am., 2, 26 (1919)] gave earlier work pn the 
absorption of ultraviolet light by glasses. 

“Gerngross, O., and CWlo, A., U. S, P. 2,106,599, Jan. 25, 1938; Chem. Abs., 32, 2654 <1930). 
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GtAHSEs Permeable to Uetravioeet Radiations 

After the discovery of the antirachitic properties of the ultraviolet rays of stin- 
liglit (Chapter 38), glass manufacturers sought to develop glasses capable of trans- 
mitting all the health-giving solar rays which reach the earth. For use in optical 
instruments, ultraviolet transmitting glasses had been, however, produced much 
earlier (about 1907) and Schott and Co. early marketed Uviol glasses, which were, 
unfortunately, expensive and unstable.^® According to the historical summary by 
Davidovitch,^^ Eder and Valenta pointed out that phosphate crown glass has a 
considerable transparency in the ultraviolet Zschimnier found that barium oxide 
had Similar properties, but that glasses should be free from alkali metal oxides to 
increase ultraviolet transparency.*'^ Sodium oxide glass is less transparent than 
that with potassium oxide. Glass with lead oxide is especially poor. Fritsch** *** 
found a generous proportion of B2OJ; to confer excellent transparency. A glass of 
6 parts of calcium fluoride and 14 of B2O3 was said to be transparent down to 
1850A. Such glasses have been employed in spectrographic optical systems. 
Lithium glasses are said to be very transparent to short wave-lengths, but are 
unstable. While developing certain blue glasses, Luckiesh noticed that cobalt 
glass appeared to be more transparent than clear glass in the region of 3000A. 

Sugie after investigation of the ultraviolet absorption of over fifty satnples of 
soda-lime glasses, found no systematic relation between the absorption and the 
composition of the glass. Substituting sodium by potassium did not alter the trans- 
mission, Phosphorus pentoxide had no effect, but Sb203, TiOo, FcoOg, MgO and 
AI2O3 decreased the penetration. Tits most transparent glass had the composition: 
Na20, 1, CaO, 1.4 and Si02, 6 parts: this transmitted through 1 S mm. wave-lengths 
as short as 2370A. The least transparent of his series had 1,5 parts of CaO and 
transuhftted down to 2790A. It must be noted, however, that tlte shortest wave- 
length which gets through is not as significant a criterion of the quality of a glass 
as are the fractions of the incident radiation of various wave-lengths which are 
transmitted. This is true because the drop in the transmission curve is usually not 
sharp, but extends over several hundred Angstrom unit.s in many cases. Sugie 
found that up to a certain point, nickel makes glass more transparent to the 
ultraviolets When potash rather than soda is present, a nickel glass is black, 
although it transmits in the ultraviolet. Cobalt can be substituted for nickel in such 
glasses, but the use of both cobalt and nickel in the same glass diminishes the ultra- 
violet transmission. In soda-lime (but not potash-lime) glasses, ferric iron lowered 
the penetrability more than did ferrous iron. Chromium in small quantities had 
little effect. The effect of manganese is slight up to. but great above, 1 per cent."*^ 
Locke used a high proportion of alumina and avoided alkalies. In general, perme- 

** Ruttenautr, A., Sprechsaoh 61, 449,453 (1928); Chetn. Abs., 23, 2543 (1929). 

Davidovitch, P,, J, Opt. Soc. Afu,, 20, 627 (1930). 

8® Eder, J. M, and Valenta, E., Denkschnffen, IViener Akad. W issenschaften Math. Nat Kl^ 
61 (1894). 

88 Zachlmmer, E., Z. Instrvmrntkundc, 23, 360 (1903). 

Zschimtner, E., Physik. Z., 8, 611 (1907). 

«»Fntsch, C., Fhysikat Z., 8, 518 (1907). 

*** Luckiesh, M., 7. Frank* Jnst., 186, 111 (1918). 

*«Suirie, S., Kept Osaka Ind. Research Lab., 5, No. 11, 1-26 (1924); No, 15, 1-19; 6, No. 4, 1-26; 
Ckem* Abe,, 20, 3218 (1926). 

^For furtlier chemical data, see Locke, F. M., Glass Ind., 7, 136 (1926); Chem. Abs., 21, 3435 
(1927); Weidert, F., SprechsaaL 6^ 992 (1932); Jaeokel, G., Z. tech, Physik, 7, 301 (1926); Chem, 
Abs,, 20, 3066 (1926); Gdard, r., Swings, P., and Hautot, A., Rev. helg. ind. verrieres, 2, 2, 26, 50, 
74, 98 (1931); Bull, set, Acad, Roy. Belg., 17, 235, 362 (1931): 15, 749 (1929); J. Soc. Glass Tech., 

488; Chem. Ahs., 26, 6086 (1932) ; Froraberg* B. M., and Oshchipkov, F, P., Russian P. 44,317, 
30, 1935; Chem, Abs., 32, 3112 (1938). 
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ability increases with the silica content* Baritmi oxide is sttperior to lime which* 
in tnm, is better than zinc oxide. 

One of the more important lines of development which made possible the com^ 
mercial production of ultraviolet glasses has been the reduction of those impurities 
in the raw materials, notably ferric and titanium oxides, which are recognized 
as increasing the ultraviolet absorption of ordinary silicon-lime-alkali glasses. 
Hadden produced a glass (4 mm. plates of which are transparent to light waves 
shorter than 3000A) by reducing the iron impurities to less than 0.055 per cent (as 
ferric oxide) and the titanium oxide to less than 0.050 per cent. The melting was 
carried out in a crucible free from these oxides, under non~oxidizing conditions, 
in the presence of carbon, chromium, uranium, vanadium or nickel. The glass 
(980A) has a density 2.64 and a refractive index 1.539. The cost of production was 
above that of window glass, but far below that of quartz.'*^ The Corning Co. makes 
a scries of such Corex glasses. According to Gibson of the Bureau of Standards ^ 
2 mm. sheets transmit 86 per cent of the radiations at 2900A. This figure is uncor- 
rected for reflection losses of approximately 8 per cent. Corex is available either 
polished or unpolished, the latter having the same ultraviolet transmission, but not 
affording clear vision. A change of thickness does not greatly alter the trans- 
mission in the biologically important range between 2900 and SIOOA."**^ The dele- 
terious effect of ferric oxide was also recognized by Fuwa and Hiraoka,^® who 
found the shortest wave-length transmitted by 4.30 mm. of a plate glass containing 
0.090 per cent of the oxide to be 3021 A. Only 306SA was transmitted by a much 
thinner plate, 2.78 mm., of a window glass containing 0.103 per cent iron oxide. 
Starkie and Turner concluded from an extrapolation of their results on the 
transmission of glasses containing from 0.005 to 1 per cent of iron oxide, that the 
limiting transmission of a glass free from iron oxide would be 2230 A."*® Klumb 
and Hasse'^® proposed the use of very thin (10/a) glass windows for scientific work 
in the ultraviolet region. 

By 1926, tlierc had appeared on the market “Vitaglass,” probably th' first ultra- 
violet-transmitting glass manufactured in panes on a large scale.®® The glass was 
developed by Lamplough, of Trinity College, Cambridge,®^ and was claimed to 
transmit about 40 per cent of all incident energy in the region 3130 to 2900A. Com- 
mercial production began in 1924 in the works of Chance Bros. & Co, and was later 

« Hadden, R., British P. 263,410, July 1, 1926; 298,908, Oct. 5, 1927; 319,337, Sept. 27, 1928. 
to Corning Glass Works; Chrm Abs., 22, 148 (1928). 

*^Hood, H. P., Science, 64, 281 (1926) j Ckcm, Abs., 20^ 3788 (1926); U. S. P. 1,830,902-4, Nov. 
10, 1931. The yellow color may be eliminated by including a compound of zmc. The percentage 
of silica and B20« should be 10 to 22 times the total percentage of alkalies and the ratio of SiOa to 
BsOs greater than 5, [Geiman P. 637,438, Oct 28. 1936 J 

^Gibson, K. S., /. Opt. Soc. Am., 13, 279 (1926). 

^ One way of purifying the raw materials might be to obtain the silica by ecipitation from 
industrial solutions of soluble gla&s, washing it free from the impurities with sulfuric acid containing 
hydrogen peroxide. “Osa" participations industnclles, French P. 760,329, Feb. 20, 1934; CheM, Abs., 
2S, 3549 (1934). For use of other reapents, see Dusing, W., and Enss, J., German P. 593,687, 
March 1, 1934; Chem. Abs., 28, 3549 (1934); Enss, J., and Iluniger, M., U. S P, 2,107,935, Feu, 8, 
1938, to General Elec. Co.; Chem. Abs., 32, 2703 (1938). 

Fuwa, K,*. and Hiiaoka, T., J. Japan. Ceram, Assoc., 34, 504 (1926); Chem. Abs., 22$ 487 
(1928). 

^Starkie, D., and Turner, W. E. S., J. Soc. Glass Tech., 12, 334 (1928); Chem. Abs., 23, 3 5 50 
(1929); see also /. Soc. Glass Tech., 15, 365 (1931); Chem. Abs., 26, 3635 (1932). 

number of general review articles covering in more detail the manufacture of special ultra- 
violet transBaitting and alj.sorbing glasses arc avatlable: English, S., Brit. J. Radiol.^ 4 $ 724 (1931); 
Wolf, J., Ceram, et Verrerw, 381 (1931); Hoffmann, J., Sprechsaal, 65, 591 (1932); le Braz. J., 
Claces et Verres, 5, No. 27, 12 (1932); Grant, J., Glass, 9, 391 (1932); Salmony-Karsten, A., 
Chem. Zig., 52, 269 (1928); /. Chem. M., 47, 36.936 (1928). 

"Klumb, H., and Haase, T., Z. Physih, 76, 322 (1932), 

^ Chem. Age (London), June 19, 545 (1926). 

Lamplough, F. E., Pottery Casette, 54, 1120 (1929). 
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octmded the works of Pilkingtcm Bros*, The absorption by thin glass fa 
shown in Figure 87, Tfadall and Brown found *'Vitaglas8^' to transmit approxi- 
mately one-fourth of the antirachitic rays of December sunlight* 

IfMiT i^rrNm, Sun*s UMtr CFOnpmARr 



^ :>40 2S0 3S0 210 280 290 SCO 9H> 320 3B0 380 350 3€0 W 360 
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Figure 87. Transmission Curves for Vitaglass and Aldur (R, H. Crist, Industrial 
and Engineenng Chemistry), 

It must be remembered in connection with the use of ultraviolet-transmitting 
glasses that their effectiveness in the prevention of rickets is limited by the intensity 
of the incident radiation. If seasonal and atmospheric conditions, or dirt upon the 
glass, preclude the incidence of more than small quantities of energy in the desired 
wave-length band upon the glass surface, it is obvious that helpful results cannot 
be expected from its use. Dust and dirt may reduce the transmission at 3020A by 
30 to 40 per cent. There is comparatively little of the valuable ultraviolet in the 
sunlight of Chicago during the winter months.®® Clark estimated that a person 
would receive as much ultraviolet radiation in two minutes in direct sunlight at 
noon, as in an entire day at 5 meters behind a window of ultraviolet-transmitting 
glass exposed to the north sky, because the amount of ultraviolet which can enter 
an ordinary-sized window represents such a small part of that which is available 
from the entire sky,®® 

Others have attempted to make ultraviolet-transmitting glasses by increasing the 
silica content of an ordinary glass, e.g,, the Quartzlite. Lai and Silverman ®® found 
the ultraviolet transmission of certain beryllium glasses to be greater than that of 
ordinary glass, but less than that of magnesium glass. Transmission decreases with 

«Ti»dall, F. F„ and Brown, A., Proc. Soc. Exptl, Biol Med., 24, 449 (1927). 

^Bundeaen, H. N., Lemon, H. B., Falk, I. S., and Coade, E. N., /. Am. Med. Assn. S9, 187 
(1928). 

«aark, J., Science, 68, 165 (1928). 

**See also Eisenberg, K. B., Gesundheit Ing., 51, 46S (1928); Ckem. Abs., 22, 3477 (1928); 
Long, B., Science ind., 12, 13 (1928). 

**Lai, C., and Silverman, A., /. Am. Ceram. Soc., 11, 535 (1928); Brit. Chem. Abs., B, 895 
<||?8)j them. Abs., 22, 3271 (1928). 
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mctmsin$ beryllia coatent Gould, Hampton and Martin suggested Hkt im <£ 
a batch giving a finished glass substantially free from dissolved gaseous osti^. 
The batch may comprise silica, borax and a powdered metal such as zinc, aluminum 
or tin which combines readily with oxygen and acts as a reducing agent. 

English gave a description of the experimental glasses which led to the devel- 
opment of Holviglass. Not only was the effect of iron considered, but it was stated 
that the admixture of either soda, potash or boric oxide with silica seriously reduces 
transmission by the latter. The best results were obtained with a soda-boron-silica 
glass, no relation between silica content and transparency being found. Alkali 
added as carbonate proved better than when added as the sulfate or nitrate. 

Other manufacturers were concerned with the valence state of the iron oxide 5n 
the glass. Phelps converted nearly all the iron in the glass to the ferric form by 
melting the glass under oxidizing conditions or by introducing a nitrate. This is at 
variance with the conclusions of many others, as Turner who found for glasses 
containing 0,1 per cent of iron oxide a difference in transmission limits of about 
lOOA between glasses containing the oxide in the ferrous and ferric states, the 
ferrous transmitting the better. Rose found triavalent iron to cause the absorp- 
tion of 100 times more ultraviolet than ferrous iron, the limits of transmission 
being at 3200 and 2200A, respectively. 

Various reducing agents have been employed, as charcoal, which tends to make 
a muddy glass, zinc chloride which makes the glass hazy, stannous oxide®* or 
organic compounds such as urea.*^ Aluminum or magnesium powders have been 
proposed,*® The addition of manganese oxide has been suggested on the grotmd 
that it undergoes oxidation in preference to the iron. Jaeckel ** describes a glass of 
high transparency to ultraviolet rays containing at least 10 per cent BaO and not 
more than 10 per cent of B 2 O 8 and not more than 3.5 moles of acid per mole of 
base. The glass contains no arsenous oxide and practically no ferric oxide. The 
N.V. Philips' Gloeilampenfabrieken describes a glass substantially free from alkali 
oxide, consisting of at least 60 per cent of silica together with B 2 O 8 and AI 2 O 8 . 
The glass softens above 600°. One proposed composition is Si02 77.2, A^Oj 10.7, 
CaO 5.4 and B 2 O 8 7.0 per cent. Smelt however, uses Si02 65, B 2 O 8 2, Na20 5.5, 
K 2 O 9.5, BaO 15 and ZnO about 3 per cent; iron (in traces) and a fluoride about 
1 per cent were incorporated in the mixture. 

Beryllium fluoride glasses have been said to transmit to 2200A and Ziegler 


w Gould. C. E., Hampton, W. M., and Martin, H. S., British P. 312.728. March 19. 1928; 
Chem. Abs., 24, 937 (1930). 

English, S., Glass, 5. 338 (1928); 8, 52 (1931); Chem, Abs„ 23, 252 (1929). 

» Phelps, D. V.. British P. 320.904, July 25, 1928, to Pilkington Bros.; Chem, Abs., 24, 2566 
(1930). 


« Turner, W. E. S„ /. Soc. Chem Tnd., 48, 65T (1929); Chem. Abs., 23, 3063 (1929); Brit, 
Chem. Abs., B, 355 (1929); see also Andresen-Kraft, C., Glastech. Ber., 9, 577 (1931). 

«Rose, G., Sprechsaal, 62, 314, 333, 352, 375 (3929); Chem. Abs., 23, 4544 (1929), 

German P. 493,857, Dec, 30, 1925, to Deutsche Spiegclglas A.-G.; Ci^m. Abs., 27, 578 (1933). 
German P. 528,394, July 9, 1929, to Deutsche Spiegclglas A.-G. 

« German P. 524,374, May 10, 1927, to Deutsche Spiegclglas A.-G. 


«Vargin, V. V., Keram i Steklo, 7, No. 1, 4 (1931); Wollner. F., Wollner, IR., and Nikolai, F-. 
British P. 339.903, March 12, 1929; Austrian P. 120,674, Oct. 15, 1929; French P. 691,805, March 
12. 1930. 

••Jaeckel, G., German P. 583,001, Aug. 26, 1933, to Sendlinger optische Glaswerkc; Chem, Ahs„ 
28, 277 (1934). 

•’British P, 440,778, Tan. 6, 1936, to N. V. Philips* Gloeilampenfabrieken; see also, Elenbaas, W« 
Jonas. G. B., and vanWyk, A.. Canadian P. 373,786, May 17, 1938; Chem. Abs., 32, 5316 (1938). 
••Smelt, J. A. M., tJ. S. P. 2,056,627. Oct, 6, 1936; Chem. Abs,, 30, 8550 (1936). 

•Heyne, G., Angew. Chem,, 46, 473 (1933); Salmony-Karsten, A., SMarske Roekled^, U 
(1934); Chem, Abt„ 29, 6713 (1935). 
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amd Weltoaiia'^^ have sog^gested alkali-beryllmm-borate glasses as substitutes for 
quartz iu optical work. Such a glass, coutaitiiug 15 to 25 parts of boric acid, 1 to 2 
Pi beryllium carbonate and an alkali carbonate equivalent to 3 to 6 parts of lithium 
carbonate, is reported to be applicable for lenses, prisms and mercury-vapor lamps. 
I>raisbach and Draisbach fuse beryllium ortho- or meta-phosphate, and add the 
corresponding salts of calcium, magnesium or sodium. 

Another trend is the development of lithium-berylHum-borate ‘^Getan^' glass, 
which is not hygroscopic and does not decompose in the air, but is transparent to 
ultraviolet and x-raysJ^ One mm. of the glass transmits 80 per cent of the energy 
of the wave-length 2537 A, 

The Philips Lamp Co.'^^ suggest for bulbs for transmitting ultraviolet a clear, 
transparent glass containing a fluoride and practically free from lead, antimony or 
titanium. Locke and Locke melt a fluorine-containing batch (SiO^ 35.5-40, 
H^BOj 16.5-32.5, AI 2 O 3 21-27 and CaO 11-17 per cent with calcium fluoride) in a 
carboniferous container. Fuwa and Suzuki use 1 to 5 per cent sodium fluoride 
and 1 to 5 per cent ammonium oxalate or tartrate. 

A glass of high resistance to water and permeable to the ultraviolet may be com- 
posed for the greater part of barium metaphosphate, along with metaphosphates of 
calcium and magnesium.'^® Grimm and Huppert replace the silica normally used 
in making glass wholly or in part by AIPO4 in the proportion of one molecule for 
every two of silica replaced. Ammonium salts, particularly phosphates, may be 
added to the frits of phosphate glass."^® 

Other Vltrainolet^Transmitting Materials. In the preparation of window- 
glass substitutes, materials quite unlike glass have at times been employed. Thus a 
urea-formaldehyde condensation product was introduced for this purpose by the 
Luco Products Corporation under the name of Aldur. Crist gave a curve for 
its transmission and compared it with ^^Vitaglass.^^ (Figure 87.) He found also that 
when exposed at 65° C. at 8 inches from a 220-volt mercury lamp, no change in 
transmission of the 3020 A region was apparent after 41 hours, a fairly severe test. 
The transmission of the 2540A line was decreased from 48 to 40 per cent in 18 
hours. Data for "'Plexiglas*' (Acryloid) have been given by Jakobson.*® 

A Alter suitable for glazing windows which transmits to 2900A is a polymerized 
vinyl acetate, reenforced with a reticulated material as a wire mesh or woven 


W' and Wdlmatin, M., Z. tech. Physik, 14, 28S 0933): Chem. Abs 27 4 366 0933)* 
Wel!mann, M., German P 585,816 (1933); Chem, Abs., 28, 1492 (1934). v » (3), 

23^1935^**’^^**’ J^ratsbach. F., British P. 436,426, Oct. 10, 1935; French P. 785,966, Aug. 

WHertarikesi, S. D.. Tech. Phys. U.,S.SR., 3, 336 (1936); Chem. Abs., 31, 4782 (1937). 
(19^3^*^*^ ^ 373,378, May 29, 1930, to N. V. -Philips' Gloeilampenfabrieken; Chem. Abs., 27, 3306 

J - Corning Glass Co.; 
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Fuwa, K., U. i. P. 1,971,309, Aug. 21, 1934, to Generai ficctrlc Co.; 6542 ( 1934^! ^ * 

w Ffijuch P. 751,524, Sept. ^ 1933, to I. (». Farhenindustric A.-G.; Chem. Abs., 28, 1159 (1934)* 
Kaufmann, W., and Bungaitz, K., U. S. P. 2,031,958: German P 634 60ft o /ik 
31, 828 (1937). AlummtSn may also be addfe to’ increased 

Huppert, P., German P. 580,295. July 8, 1933; Chem. Abs., 27, 388, 4895 

BriTi.hT^2^;366!’ Fit “is.'* Fir* 

TO Crist, R, H., Chem., 20, 1367 (1928); see also Katowaki H unA xp o 

Im^. Ind, Research Inst,, Osaka, 13, No, 3 (1932); Chem. Abs., 1719 (1933) ^ ^ 

*»Jnk6b9on, T., Tek. Tid., 67, Uppl. A-C, Kemi, 15 (1937); Chem. Abs., 3l', 4210 (1937). 
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It has been proposed to make a fabric of threads formed of a core di 
material opaqne to light, such a$ cotton, carrying a coating such as regenerated 
cellulose, capable of transmitting ultraviolet,®® The Vitalite Co. produces a fine 
wire cloth coated with a cellulose acetate composition, yielding a flexible wire 
product, possessing the advantages of weather resistance and transmitting the ultra- 
violet range. Ramstetter suggested the use of transparent condensation products 
of carbamide and its derivatives with substances capable of yielding formaldehyde 
as a substitute for quartz glass; the condensation products absorb ultraviolet rays 
but slightly. Walsh coats a wire cloth with an ultraviolet-transparent film of 
cellulose acetate 100, triphenyl phosphate 10-20 and dibutyl tartrate 10 to 20 parts. 

In some instances “Vitaglass'' or quartz glass may be made into a laminated 
glass by the aid of acetylcellulose applied in the form of thin sheets. Zimmerli 
prepared an ultraviolet-transmitting material by evaporation of a cellulose ester 
and a plasticizer, such as diethyl phthalate. Polymerized vinyl compounds, includ- 
ing vinyl acetate, chloroacetate and styrene, may be used in single or laminated 
sheets in making reenforced glass substitutes permeable to ultraviolet light,®'^ 

Data on the Transmission of Various Ultraviolet-permeable Materials. 
Starkie and Turner determined the transmissions of 2 mm, thicknesses of eight 
commercial glasses over the range 7000 to 2000 A. Corex A was found to transmit 89 
per cent in the theraj)eutic region (2950-31 50A). The remaining glasses showed: 
"Sanalux,^' 73 per cent, “Sun Ray“ 62, “Holvi“ 61, “ViaP^ 54, “Helio” 53, “Uvior 
45, “Quartz-Lite,'* 4 per cent. Ordinary window glass transmits only 1 per cent of 
these rays. Corex had the lowest iron content, 0.012 per cent, that of the remaining 
samples ranging from 0.021 to 0.054 [>er cent After a 12 weeks’ exposure to sun- 
light, Corex became stained with a white film. But on being cleaned, it showed 
undimiiiished transmission. WOieii artificially aged under the carbon arc, the 
greatest change occurred in the first two hours, the fall in transmission coinciding 
with a decrease in the proportion of ferrous oxide to total iron oxide in the glass. 
Turner finds this change can be reversed by heating the glass to 602-700°C.®® 
Hoffman believes the solarization to incolve the formation of ferrites. 

According to Bundesen, Lemon, Falk and Coadc,^® incandescent 300-watt lamps 
with ordinary glass bulbs emitted radiations comparable to Chicago sunlight in 
the winter months and Vitaglass bulbs emitted radiations as far as the region 2800 
to 2900A. 

The results of the physical transmission of Corex received confirmation in 


Greider, C. E,, U. S. P. 1,786,205, Dec 23, 1930, to National Catbon Co- Note also Britisl) P. 
366,077, June 29, 1929. 

saMillen, J., U. S. P. 1,910,850, May 2.5, 1933; Chem. Ahs, 27, 4101 (1933;. 

Ramstetter, 11., German P. 416,753, Jan. 31, 1923, to Badischc Anilm und Soda Fabnk. 

«* Walsh, J. F., U. S. P. 1,931,518, Oct. 24, 1933, to Celluloid Corp.; Chem. Abs., 28, 63 7 (1934). 
«®Colcfax, M. A., Btilish P. 323. (>71 , Kunstoffe, June, 139 (1930). Dreyfus, C., U. S. P. 

1,924,398. Auff. 29, 1933: Chem. Abu 27, 5503 (1933); U. S. P. 2,002,082, May 21, 1935; Chem, 
Ahs„ 29, 4539 (1935); Canadian V 3.30,842, Chem. Abs., 27, 33 7 5 (193 3); British P. 306,397, Feb. 18, 
1928, to British Cclanese, Ltd.; Chem. Ahs , 23, 5021 (1929). 

«« Zimmerli, A., U. S, P. 1,842,640, Jan, 26, 1932, to Acctol Products; Chem. Abs., 26, 1781 

(1932). 

British P. 366,077, July 29, 1929, to Celluloid Corp,; Chem. Abs„ 27, 30 47 (1933). 

Starkie, !>., and Turner, W. E. S., /. Soc. Glass Tech., 12, 306 (1928): J. Soc. Chem, Ind. 
Supplement, March 29, 245 (1929). Other data have been given by Wmther, C., Z. wtss. Phot., 25, 
230 (1928), and by Hands, D. T., J. Sci. Instruments, 6, 2 (1929). 

«» Turner, W. E. S., J. Soc. Chem. Ind., 48, 65 (1929). 

w Compare Hood, H. P, U. S, F. 1,889,067, Nov. 29, 1932; Chem. Ahs, 27, 1470 (1933). British 
P. 298,908, Nov. 14, 1928, to Coiuing Glass Co., ihem Abs., 23, 30o6 (1929). Hood heats to 550” 
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w Bundesen, H. N., Lemon, H. B., Falk, I. S., and Coadc, E. N., 7. Am. Med. Assoc., 89, 187 
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piro|>}iykctic animal tests against rickets, using Uviatc irradiation throuifh the 
samples.*^ Growth curves, calcium and phosphorus determinations in the blood 
serum, x-rays of the tibiae and femurs, bone ash and pathological studies agreed in 
showing that irradiation through Corex was as effective as direct irradiation* '‘Vita- 
glass’^ was less effective and animals irradiated through ordinary window glass gave 
results very similar to those foimd in non-irradiated animals. Wyman also con- 
ducted therapeutic tests on rachitic children with similar results. 


Umtt of 
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PicnWB 88. Transmission Curves of Ultraviolet-permeable Glasses. 
(Coblcntz and Stair, Journal Research, Bureau of Standards) , 


Durability of Ultraviolet-transmitting Materials. The question of solariza- 
tion, or the effect of prolonged exposure to the sun or other sources of ultraviolet is 
of importance since ultraviolet transmitting materials are intended for use over long 
periods. The discoloration of glass in the globes surrounding street arc lights is 
familiar to everyone. Eckert noted that glasses containing a small percentage of 
cerium rapidly assume a brown color in day or artificial light due to the action of 
ultraviolet rays, the glass becoming fluorescent and phosphorescent. The brown 
color fades irreversibly on heating. 

In 1927 the Bureau of Standards had found that nearly all of the glasses then 
in use undergo a photochemical action, the glass decreasing greatly in transparency 
in the region 2900 to 3100A when exposed to ultraviolet radiations.®® The niate- 


»• Wyman, E. T., Holmes, A. D , Smitk, L. W., Stockbarger, D. C. .and Piggott, M. 0., Am, J, 
Diseases of Children, 37, 473 (1929), Chem, Abs., 23, 3064 (1929). 

Wyman. E. T., Boston Med, & Surg, J„ 197, 376 (1927). 

« Eckert, F., Z, tech, Pkysik, 7, 300 (1926); Eckert, F„ and Schmidt, K,, Glasieck, Ber., 10, 80 
(1932); Chem, Abs., 27, 1468 6933). , ow 

•4 Bureau of Standards, J. Frank. Inst., 666 (1927); Letter Circular No. 235, 3rd Revision: 
t. ^Research Bur. Standards. 3, 629 (1929); (JoblenU, W. W., and Stair, R„ Trans. Ilium. Eng. Soc., 
23, 3321 (1928); Chtm. Ait., 23, 944 (1929). " ^ 
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rials fell into three dasses (Figure 88) : (1) Fused quart*, Corex md Locke glass^ 
which have an initial transmission of the 3020A line of over 85 pet cent and show 
little or no decrease in solarization ; (2) ‘^Vitaglass^^ and Helioglass, with iiiitk} 
transmission of 45-55 per cent, decreasing to about half on exposure; (3) Quart*- 
lite and common window glass, with initial transmissions of 0 to 1.5 per cent and no 
change on exposure. Cel-0 glass becomes opaque to this line after 2S hours’' 
exposure to the quartz mercury arc, but a sample that had been exposed to the sun 
for 400 hours during the months of April to October decreased but little in trans- 
parency. On the other hand, samples that had transmitted 30 per cent when new, 
transmitted only 5 to 10 per cent after having been exposed on the side of a building 
day and night from April to Deceml>er, showing that the change in transparency 
may depend upon weal^er conditions. This product has been employed in poultry 
houses for preventing leg weakness in chicks.®'^ Russell and Howard found that 
the value of Cel-O-glass for this purpose was not diminished after exposure for 13.5 
months. 

In more recent work, Cobleiitz reported improvement in the quality of certain 
of these glasses. He summarized data (based on samples secured prior to May 1, 
1930) based on exposure of the glasses for ten hours at 15 cm, from a 110- volt, 
horizontal Uviarc and of duplicate samples exposed to the sun for five to twelve 
months, using an average thickness of 2.3 mm. (Table 15.) 


Table 15. — ^Transmission of Ultraviolet Rays by Glass. 

, ^Average Per Cent Transmission — n 

Trade Name Number of Samples New After Uviarc After Sun 

Quartz glass 

1 

92 

92 

92 

Covtx D 

3 

61 

59 

60 

Newglas 

3 

63 

50 

57 

Uviol-Jena 

3 

67 

48 

53 

Helioglass 

8 

64 

45 

53 

Sunlit 

3 

71* 

42^ 

51 

Vitaglass 

20 

58 

33 

42 

Common window 

3 

0 

0 

0 

Improved material later examined averaged 72 

per cent when 

new and 47 per 

cent after exposure 


to the raercnry lamp. 

Ruttenauer found the foreign products Osram UV, Ultraviol, Brephos, Bios, 
Vita and Schott^s UV to show only small ageing. He has also considered the effect 
of heat on the rate of ageing, a matter of importance when such glasses are used in 
lamp bulbs. Nitchie and Schmutz found in some cases an increase in short-wave 
transmission at 450® C. 

Coblentz and Stair studied the effects of various filtered ultraviolet wave- 
lengths in producing changes in the ultraviolet transmission of soda-lime-silica glass. 
The work was done in the hope of accelerating stabilization of the transmission. 
This effort proved impracticable because of antagonistic effects about 3650A which 

Cochran, R. L,, and Bittenbcndcr, H. A.. Bull. 246, Itmfa State College, Agr, Expt. Sta., WaS. 

“Rtiasell, W. C, and Howard, C. H., Poultry Set., 8, 290 (1929). 

“Coblentz, W, W., Trans. Ilium, Eng. Soc., 26, 610 (1931). 

^ Rfittenauer, A., Sprechsaal, 61, 449 (1928). 

Nitchie, C, C.. and Schmutz, F. C., SHence, 71, S90 (1930). 

Coblent*, W. W,, and Stair, R., J. Research Bnr. Standards, 13, 773 (1930; Froc. Nat. Ami^ 
Set., 20, 630 (1934); dhem. Abs., 29, 1597 (1935). 
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reversed the action of shorter wave-lengths* No wave-length shorter than 36S0A 
was found to have the exclusive property of increasing or decreasing the ultraviolet 
transmission of these glasses. A phosphate-lime glass has its transmission lowered 
by wave-lengths shorter than 2900A, and this could not be retarded by exposure to 
the region 2970-3650A, in contrast to the soda-lime-silica glasses. Stockbarger 
is of the opinion that solari ration, at least so far as it relates to the application of 
ultraviolet glasses in photochemical apparatus, is not serious* Solarization takes 
place within a short length of time, after which the characteristic properties of the 
glass are retained for a considerable time. It has been said that wfien kept in the 
dark, glass, previously solarized by the mercury arc, does not regain any of its lost 
ultraviolet transparency, but that it does regain transparency when exposed to sun- 
light directly or through window glass or when exposed to the mercury arc through 
a thick layer of window glass. It is also pointed out that the use of the mercury- 
vapor lamp to predict the loss of transparency of glass when exposed to sunlight may 
give misleading results. 

The tendency of an ultraviolet-permeable glass to lose transparency may be 
counteracted by the incorporation of a small proportion (0.05-0.5 per cent) of man- 
ganese oxide* The I. G. Farhenindustrie describes an ultraviolet-permeable 
phosphate glass (stable to irradiation) which was said to have the following com- 
position: potassium carbonate 13.77, potassium nitrate 6.71, calcium carbonate 8.93, 
barium carbonate 3.22, magnesium carbonate 18.53, BoO^ 31.04, alumina 28.80 and 
secondary ammonium phosphate 48,70 parts. Huppert and Wolff state that the 
important phosphatic glasses may be rendered more stable to radiations by including 
an amniotiium salt (phosphate, carbonate or nitrate). The formation of blisters 
may be avoided by the addition of an oxidizing agent. 

Lasse finds irradiation of ordinary and Uviol plate glass with wave-lengths 
3000 to 4000A from a Hanau silica burner diminishes the transparency for these 
rays to 34 and 19 per cent respectively. The coloration of manganese-containing 
gls^s by ultraviolet rays is said by Cross to be due to light of a wave-length only 
slightly greater than 2900A, the absorption limit of the glass. The tinting takes 
place only near the surface, and is hastened by heating. Decolor izat ion is acceler- 
ated by heat or visible light. 

The fluorescent effects produced by ultraviolet on various glasses are sufficiently 
different to afford indications of the nature of their coloring materials.^^^^ Shrum, 
Patten and Smitli m found heat treatment at 300‘^C. to remove the ability of ultra- 
violet light or even x-ray solarized glasses to luminesce before the quartz mercury 
arc. The transmission in the ultraviolet was restored as the thermoluminescence 

disappeared.^12 


Stodebarger, B. C., Science, 70, 73 (1929). 
aw’W'ood, A- R., and Leathwood, M. N., Nature, 124, 441 (1929). 

*«* British P. 291,468, Ju^ 4, 1927, to Soc. Anon, dcs Manufactures des Glaces et Produits 
(Thtmiques dc Samt-Gobain, Chatmy, ct Circy; Chem. Ahs., 23, 123S (1929); Brit Chem Abs B 
14S (1930); French P. 647.188. June 4. 1927? Long, B., U. S. P, 1.779,176 ' ' 

ion British P. 424,366, Bee. 2, 1933, to I. G. Parbenind. A.-G. ; Bnt. Chem. Abs., B, 406 (1935). 
iw Huppert, P., and Wdiff, H., German P.^ 630,347, Oct. 19, 1935; U. S. P. 2,077,481; see also 
Hoffmann, J., Sprechsaal, 70, 517, 529 (1937); Chem Abs., 32, 5592, 87)7 (1938), ' ’ ' 

in® Lasse, B., Helv, Phys. Acta, 5, 92 (1932); Chem. Abs., 26, 6086 (1932), 

Cross, C. L., Phys. Rev., 27, 108 (1926). 
wo Lester, W. R., Glass Ind., 12, 83 (1931). 

Canada, 22, (3), 433 (1928); 
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Filters 

In the visible region, a great number oi screens or filteis have been prepared lot 
the isolation of dehnite wave-length regions ; certain of these find wide employment 
in photography, especially in color photography. Others are of importance in stage 
lighting. The properties of these and other filters are due to the abili^ of the sub- 
stances employed to absorb radiations of definite frequencies selectively. Substances 
which are highly absorbing even when present in extremely dilute solutions are the 
most satisfactory materials for filters since, when taken in higher concentrations, 
they exhibit a sharp cut-off of radiations transmitted. This means that the wave- 
length range between nearly complete transmission and nearly complete absorption 
is very narrow, comprising only a few Angstrom units. Since but few substances 
meet this requirement, filters are best used with discontinuous line sources of radia- 
tions as the mercury arc. 

The theory of the application of glass filters to the measurement of the intensity of 
groups of lines emitted by a source has been discussed in detail by Stockbarger and 
Burns.^^* Errors may arise because of failure to lake into account the fact that the trans- 
mission curves of filters are not rectangular but sloping; if the cut-off be taken as the 
wave-length at which the transmission becomes zero, the results will be greatly in error. 
These authors recommend that the effective “cut-off"’ be considered to be the point at 
which the energy transmitted by the filter below the “cut-off” equals that which is selec- 
tively absorbed above it. Tn order to locate this point there needs to be known, besides 
the transmission characteristics of the filter, the energy distribution of the source in the 
region in which the filter transmits poorly. 

Particular attention has been devoted to llie theory relating the slope of the absorption 
curve of a filter material to the effectiveness with which it will separate a given line from 
close neighboring lines, by Dahm who was especially interested in developing filters 
suitable for use in studies of the photoelectric effect. He gives absorption data for over 
twenty organic compounds, plotted in an unusual manner adapted to his theoretical 
treatment. 

Stability is another quality desired in a filter material. The absorbea radiations 
must produce or initiate only very slow photochemical changes. Otherwise, the 
nature of the filtering material will change during its use, and the products formed 
may absorb quite differently, resulting in a change in the filtering properties with 
use. In the colored filters employed in the visible region, these changes are usually 
slow enough so that the filters are stable for considerable periods. Liquid filters 
composed of solutions of colored salts or dyes in cells with parallel glass sides, or 
solid filters of glass or stained films of collodion or more usually gelatin, are com- 
monly employed. Simple inorganic salts when available are usually more stable 
and more readily prepared in definite concentrations than are the organic dyes, 
which may be of less definite purity and which are frequently subject to fading. 

Tn the ultraviolet region, the energies associated with the various wave-lengths 
absorbed by the filters are far greater than in the visible region. In this region, 
therefore, it is necessary to check the filtering characteristics of filters at frequent 
intervals or else to use solutions which flow slowly through the filter cells. 

Filters capable of transmitting only narrow spectral bands or individual lines 
are rare. It is usually necessary to use filters to supply radiations from which 
certain more or less broad spectral regions have been excluded. In the visible 
region, there is a filter arrangement which transmits only the green line of the 
mercury arc. This filter is didymium glass, which has a sharp absorption band 

Stockbarger, D. C., and Burns, L, Phys. Rev., 34, 1265 (1929). 
w* Babin, T. M., J. Opt, Soc, Am., 15, 266 (1927). 
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between 5SOO and 5800A. Used with a strong yellow filter, tlie filter yields the 
green line in high intensity and supplies a strong source of nearly monochromatic 
light Glasses to emphasize color contrasts may contain neodymium oxide*^^® A 
discussion of filters in the infrared and visible regions lies beyond the scope of this 
book.^^® Many photographic filters have the drawback of fluorescing and so causing 
a loss of contrast.tit 

Filters for Black Light. Among the earliest ultraviolet filters were those 
designed to exclude the visible rays and transmit only the invisible ultraviolet Such 
filters have recently acquired new importance with the development of methods of 
fluorescence analysis under ultraviolet irradiation. By their use, fluorescent effects 
iri great variety are easily secured. In a darkened room irradiated only by ultra- 
violet rays, the teeth, eyes and even the fingernails glow with a weird yellowish 
fluorescence. Artificial teeth do not become fluorescent but appear black. The 
beautiful fluorescent effects characteristic of various minerals have been so fre- 
quently exhibited in museums as to be familiar to almost everyone. Uranium nitrate 
shines when exposed to ultraviolet rays, and vapors of mercury may be seen rising 
from a body of mercury even at room temperature when photographed by ultra- 
violet rays. 

A filter for this purpose consisting of quartz coated with silver was employed 
by R. W. Wood in 191 1 in a demonstration at the Royal Institution of the fluorescent 
effects produced by ultraviolet radiations. Among the striking effects there demon- 
strated was the fact that white zinc oxide comes out black. Photographs of flowers 
taken through a quartz lens were also exhibited. A number of flowers which, when 
photographed by visible light, came out in widely different shades, when white or 
colored, left a black or dark gray image when photographed by ultraviolet light. 
Another group of flowers to which Michaud and Tristan gave the name of ultra- 
violet flowers, were reproduced by ultraviolet much as by ordinary light. These 
flowers were yellow under ordinary light. These authors prepared a lens which 
excludes light other than ultraviolet by precipitating on a quartz lens a layer of 
silver from an alkaline silver solution by means of a 10 per cent solution of milk 
sugar. 

Silver, either in the form of plates or in the colloidal state, is not entirely satis- 
factory since its absorbing capacity ends at about 4000 A and with high concen- 
trations of silver, absorption in the short ultraviolet region is noted. Brock 
prepared ^ silver filter by exposing a lantern slide, developing it to a brown color 
and then stripping off the emulsion and supporting the latter between two plates 
of Uviol or *Witaglass.'' The resulting filtering action is believed superior to that of 
either sputtered or chemically deposited films, maximum transmission occurring at 
about 3000A, 

Wood^^^ suggested the use of nitroso-diniethylaniline in making filters trans- 
parent only to ultraviolet rays. This compound, liowever, transmits only the longer 


M»Wcidert. F.. BHtish F. 338,334, Dec. 15, 1928; Chem. Alfs„ 25, 2259 (1931). 

«*See Hees, C. E. K,, in Glaiebrook's Dictionary of Applied Physics, IV; Potapenko. G., 
/. Russian Phys. Chem. Sac., 790 (1916); Brit. J. PhoL, 68, 50 7 (1921). 

BSekstrSm, H., and Johansson, R., Z. wns. Phot, 36, J94 (1937); Chem. Abs., 31, 6123 (1937): 
32, 2837 (1938). 

^Michaud, 0., and Tristan, F, Scientiiic American^ Ul, 301 (1914). 

See also (Joas, F., Z. Pkysik, 100, 95 (1936); for gold films, see Goos, F., Z. Phyxik, 100, 606 
(1937). 

MS Brock, G. C., Set, Pros, Roy, Publin Sac, 20, 563 (1933); Brit, J, Phot,, 80. 495 (1933>* 
CA|W». 27, 5262 (1933). 

^ Wood, R. W„ Phil. Mag., 5, 257 (1903) ; see also I^hmann, H. Physik, Z., 11, 1039 (1910). 
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ultraviolet. Absorption spectra for the aniline derivative and for methyl violet have 
been determined by Pospejov and Yampolskii.^22 

Winther and Mynster suggested a filter which transmits a range of 4050 to 
32OOA with a maximum at 3750A. It consists of a one centimeter cell containing a 
2,5 per cent solution of copper sulfate with six times the quantity of ammonia neces- 
sary to redissolve the precipitate which first forms. This is combined with a one 
centimeter cell of a 0.04S per cent solution of fuchsine in water. In another filter, 
the dye is replaced by a 0.1215 per cent solution of potassium chromate, the 
maximum transmission in this case being at 3130A. With an increasing excess of 
ammonia, copper sulfate solution becomes more transparent, especially in the ultra- 
violet; the maximum transparency is attained when the ammonia present is four 
times the quantity necessary to redissolve the precipitated copper hydroxide, and 
then extends from 4500 to 3000A. 

Lamps in Corex are made impermeable to visible rays, while retaining their 
ultraviolet transmission, by dipping in an alcoholic suspension of P2O5 68, CaO 27, 
BjjOa S per cent, with cobalt oxide to color, or of Si02 68.5, B2OS 23, Na20 6.5 
and AI2O3 2 per cent. The lamps are then heated in a fumace.^^^ An envelope to 
serve this same purpose has been suggested by Gillard and West ^26 jt comprises 
glass with nickel oxide and a little copper oxide. The maximum transparency is at 
36S0A, falling rapidly on either side of this wave-length. Another means of 
securing ultraviolet radiation with but one per cent of the visible is by operatiem 
of a small mercury arc at 5 amperes and 15 volts.^^® 

Filters Excluding Various Ultraviolet Regions. Some of the glasses whose 
transmission characteristics have been discussed in the preceding section, have been 
employed as filters for various wave-lengths in the ultraviolet region. Their useful- 
ness for this purpose is somewhat limited by the lack of sharpness of their transmis- 
sion curves.^^*^ 

Corning glass filters are most satisfactory where their thickness and conse- 
quent bulk are not objectionable, and where appreciable heat must be dealt with. As 
is apparent from Figure 89, they generally have rather broad but high transmission 
characteristics and hence are used in combination to secure the desired effects. A 
nickel oxide glass (Corning) transmits 3660A. Further data on the filtering 
properties of various glasses by Taylor and Holladay are recorded in Figure 90.^22 
In order to prepare a ray filter which will allow only waves of a definite length 
to pass, Peskov states that it is necessary to calculate the coefficient of absorption 
of the substance and then determine the density and thickness of the solution so that 
the desired quantity of energy of a definite wave-length will pass the filter. 

Gases have been widely used as filters in the ultraviolet. The coefficients of 
absorption of a number of gases for light after passage through quartz windows 
has been measured by Varley.^®^ It is the filtering characteristic of oxygen (aside 

^ Pospelov, A., and Yampolskii, B., J. Phys. Chem. (IhSS R.), 3, 514 (1932); Chem. Abs,, 
27. 1826 (1933). 

“WWintTier, C, and Mynster, E, H., Z. wjj Phoi.> 24, 90 (1926); Chem. Abs., 20, 3249 (1926). 
French P. 762,053, April 3, 1934, to Compagnie des lampes. See also Eidinow, A., and 
Hewittic Electric Co., Ltd., British P. 307,961, Dec, 13, 1927; Chem. Abs , 24, 29 (1930), 

Gillard. F. W., and West, D. L., Brittsh P. 294,949, Apr. 1, 1929; Chem. Abs., 23, 1827 (1929). 
Note also Stigie, j., /. Japan. Ceram. Assoc., 34, 24 (1926); Chem. Abs., 22, 487 (1928). 

w«Zahour, R. L., Etec. 30, 453 (1933). 

^Mannich, C., Chem. Ztff., 33, 1167 (1909). 

w* Gibson, K. S., and McNicholas, H. J., Bureau of Standards Tech. Papers, 119 (1919); 148 
(1920); Sci. Paper 325 (1918). 

Taylor, A. H., and HoUaday, L. L., Trans. lUumin. Eng. Soc., 26, 711 (1931). 

MO Peskov, N. P., /. Phys. Chem., 21, 381 (1917); Z. toiss. Phot., 18, 235 (1919). 

MiVarley, W. M., Proc. Camb. PkU. Soc., 12, 510 (1904). 
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COI5NINO FILTERS - DATA FROM CORNING CLASS WORKS AND BUREAU OF STANDARDS. 

( Courtesy, Cooper-Hewitt Electric Co,) 
Figure 89. Transmission Curves for Corning Glass Filters, 
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from the limitetions of the output of the source employed) which sets the short 
wave limit in most photochemical work, since it begins to absorb strongly at ISeOA, 
while nitrogen is transparent even at 1250A. According to Peskov, chlorine is 
frequently usdEtd, since its maximum absorption is in the region 3800-3000A. 
Bromine vapor cuts out the visible part of the spectrum to 3800A and its absorption 
capacity ends slightly beyond the point where chlorine absorption begins In 
water solutions," the absorption characteristics of these two elements change because 
of the formation of complex molecules of halogen and water. 



Figure 90. Spectral Transmission Curves of Glass Filters (Taylor and Holladay, 
Transactions Illumination Enqineermg Society). A, red-purple Corex A, 4.21 mm. 
thick; B, microscope glass, 0.18 mm.; C, microscope slide, 0.96 mm.; D, “Pyrex, 
l.OS mm. ; E, 2 layers of microscope glass, 0.36 mm. total ; F, 3 layers of microscope 
glass, 0.55 mm. total ; G, “Pyrex,” 2.99 mm ; H, Quartzlite, 2.02 mm. ; J, Helioglass, 
2 mm.; K, “Vitaglass,” 2.77 mni. 

Use has been made of chlorine and bromine filters in the work of Svedberg and 
Nichols IS* on the determination of the molecular weight of egg albumin by ultra- 
centrifugal methods. In this work, it was necessary to determine the concentration 
of the protein solution at various parts of a quartz cell by a photographic method 
depending upon the properly of the protein to absorb in the ultraviolet. In order 
to measure the concentration of the protein by means of the density of a photograph 
obtained by passing light from a mercury arc through the solution, it is necessary 
that a strong absorption band of the protein be used. Since the protein does not 
absorb much light of wave-lengths longer than about 2950A, it is necessary that such 
light be removed by a filter to prevent the light from affecting the photographic 
plate. A combination of chlorine and bromine filters absorbs most rays longer than 
2950A and passes those shorter. Although the filter does not remove the yellow 
mercury line, this does not affect the photographic plate. 

To obtain the 2537A line alone by methods other than the use of special reso- 

’“Oldeoberg, O., Z. Physik, 29, 328 (1924). 

“•Svedberg, T., and Nichols, J. B., 7. Am. Chem. Soc., 48, 3085 (1926). 
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it ha$ been proposed to use the halogens at higher concentratkms 
P^kov ^ calculated from their extinction coefficients tiiiat the bromine should h 
about 0.0046 molar and the chlorine 0,176 molar or about 4 atmospheres. Olden 
berg^®® proposed to avoid any absorption of the 2537A line by bromine b] 
omitting the latter and employing chlorine at a pressure of 6.5 atmospheres. Sue! 
high-pressure filter cells have been constructed of quartz. The absorption of th( 
chldrine filter has been measured by Villars.^®’*' Calculations showed the Pesko'^ 
filter would be the more nearly monochromatic and would transmit about 27 per cen 
of the light incident at 2537A. Taylor states that filters (not at high pressure) 
of chlorine gas or of chlorine in carbon tetrachloride show a decreasing absorptioi 
per unit with increasing thickness and that the decrease is not exponential. The 
last small per cent of actinic light is difficult to remove. 

As a filter for altering the intensity of the 2537A line, Melville and Walls 
propose sulfur-free carbon tetrachloride mixed with purified hexane or preferably 
cyclohexane. Such filters show decomposition after 15 minutes. 

The mercury arc has another strong line at 3650 A. Filters for isolation of thij 
line have been proposed by Hartmann,^^® Luther and Forbes, Winther,^'** 
Andrich and Le Blanc, and Buttolph.^^'^ Absorption data regarding the Luther- 
Forbes filter (0.78 cm. of a solution containing 0.0785 g. fuchsine S, 0.0164 g 
methylene blue, 0,0410 g, />-nitrosodimethylaniline per liter) and the Winther filtei 
(1 cm. of 0,03-per cent aqueous Diamant Fuchsine) have been given by Gray.^^' 
The former gave in a 1-cm. layer a maximum transmission of 8 per cent at 36S0A 
In one- fifth strength, 2 cm. transmitted 30 per cent. Acids and alkalies alter absorp- 
tion by the Luther-Forbes filter, as well as that of the Winther filter. It is the 
opinion of Potapenko that the most suitable form of light filter for Uviol lamps 
is a stained gelatin film, which may be prepared by coaling glass with a gelatin 
sejution containing the desired dye, and after drying, stripping the film so formed 
A list of dyes for various wave-lengths was given by Tvfiethe and Stenger anc 
by Mannich.^^® Staats has discussed the problem of making monochromatjc 
glass filters for the wave-lengths 1014, 578, 546, 436, 405, and 365 mu of the mercury 
arc. In cadi, two components are used, (a) a glass which absorbs with sharp 
cut-ofiF, all radiations of wave-length shorter than the one it is desired to transmit 
and (b) one with a similar absorption for longer wave-lengths. The ratio of the 
thicknesses of the two components is specified for each filter. Graphs give the varia- 
tion in transmission and purity of the transmitted light for each of 15 combinations 
In some, auxiliary filters are required. Since the characteristics of such filters 
depend Upon the spectral distribution of the source and the sensitivities of the 

Peskov, K. P., Z. wiss. Phot., 18, 235 (1919); J. Russ, Phys,-€hcm. Soc., 47, 918 (1915). 

OI<ieaiberg, O., Z. Pkysik, 29, 328 (1924). 
iwCodm, A., and Stuckardt, K.. Z physik, Chem, 91, 722 ri916). 
wvillars, B, S., /. Am, Chem. Soc„ 48. 1874 (1926). 

Taylor, W.. Nature. 118, 697 (1926). 

la* Melville, H. W,, and Walls, H. J., Trans. Paraday Soc.. 29, 1255 (1933). 

^Hartmann, J., Z, wiss. Phot,. 1, 2S9 (1903), 

^Luther, K., and Forbes, G. S., /. Am. Chem Soc., 31, 770 (1909). 

Winther, C., Z. Elektrockem.. 19, 389 (1913), for filters for other lines, (5790, 5460, 4360. 4050. 
and 3130A), see Winther, C,, Xbid,. 43, 691 (1937), ' * * 

“•Andrici, K., and Le Blanc, M., Z. wiss. Phot,, 15, 187 (1915). 

«*Bnttolph, L J., /. Opt. Soc, Am., 6, 1066 (1922). 
i^^Gray, L. T. M., J. Pkys. Chem,, 31, 1732 (1927). 

Potapenko, G., Z. txnss. Phot., 18, 238; Chem. Abs.. 14, 699 (1920). 

^WMiethe, A., and Stenger, E.. Z. woiss. Phot., 19, 57 (1919); /. Soc. Chem. Ind., 39, 313A (1920), 
J^Mannich, C., Chem. Ztg., 1167 (1909). 

Staats, E. M., /. Opt. Soc. Am., 28, 112 (1938). 
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receivers, they apply otily to a specified source (H*3 capillary high-pressure mer- 
cury arc) and specified receivers. 

When it is desired to remove infrared rays to prevent their possible effects on 
the temperature of solutions undergoing photochemical reactions, water is employed 
as a filter in a quartz cell, A 1-cm, thickness transmits 58 per cent at 9450A and 
14 per cent at 11,900A.^®^ Coblentz has suggested filters to absorb the infrared 
completely.^®^ Sodium, potassium, ammonium and thallium chlorides act as selective 
filters in the region 40440u.^®^ A filter solution whidi transmits the visible rays 
and absorbs ultraviolet rays shorter than about 4000A may be made from quinine 
sulfate.^®® Clarke describes a light filter for absorbing blue-violet and ultraviolet 
rays. It is formed of gelatin or other light-transmitting material containing a salt 
of glucose-phenylosazone-/>^/>'-dicarboxylic acid. An acid which in 0.01 per cent 
solution (2-cm. layer) absorbs ultraviolet and passes most of the visible rays is made 
by Suzuki and Sakurai by condensing dextrose or invert sugar with phenylhy- 
drazine-/>-suIfonic acid in the presence of sodium or potassium acetate at 1(W°C. 
Used in a gelatin filter, 2 gms. per sq. meter, this filter completely absorbs the ultra- 
violet. It is claimed that the insoluble basic lead salt of the acid provides an ultra- 
violet-ray proof paint. A colorless pyrene compound, such as pyrene-3,5,8, 10- 
letrasulfonic acid, with steep absorption curve at about 4100A, has been proposed 
as a filter ingredient for removing ultraviolet rays by Wiegand, Merkel and 
Tietze.^®® Wilmanns, Dieterle and Weichmann suggest for this purpose cyanines 
containing two benzoxazole rings, or one such ring and one benzothiazole ring, or 
a benzoxazole and a thiazoline ring, or a benzothiazole and thiazoline ring, bound in 
the 2,2'-positions to the nitrogen atom by a carbon atom. 

Bakelite panels 0.5 mm. thick transmit 30 per cent at 3 126 A, 3 per cent at 2800 A, 
and none at 2750A, the resin turning yellow.^®® Zernik proposes hydroxylquino- 
line sulfonic acids and their alkyl or aryl ethers as colorless light filters for ultra- 
violet rays, 

A filter for wave-lengths between 2900 and 3200A may comprise a film of trihy- 
droxy triethyl amine salicylate or (?-cresotate or other compound of the formula 
HO — R — COONH(CoH 40 H) 3 , where R is a benzene or naphthalene ring and the 
hydroxyl group of the nucleus and the carboxyl group are in ortho-relation.^®<> 

A series of long- wav e-pass fillers has been described by Schneider and Spertk^®^ 
The shortest mercury arc line which appears on a photospectrogram through 2 cm. 
of each filter solution following an exposure of 5 seconds (Gaertner quartz spectro- 
graph) is given in Tabic 16. The line of next shorter wave-length in each case 
does not appear with an exposure of 60 seconds. The figures given in the second 

^Nichols. E. F., Phys. Rev., 1, 13 (1893). 

is^Coblente, W, W., Bur. Standards Bull,, 7. 655 (1911); 9, 110 (1913). 

Hirsekorn, H. G., Ann. Physik, 6, 985 (1930). 

^ Weyl, Th., “Die Methoden der OrganiscU'en Chemic,” Vol. 1, p. 313, Leipzig, G. Thicme, 
(1909). 

H. T., U. S. F. 1,293,039, Feh. 4, 1919. 

Suzuki. T., and Sakuiai, S., U. S F. 1.684,562, Sept. 18, 1932, to Zaidan Hojtn Fikagaku 
Kenkyujo; Chem, Abs., 22, 4735 (1928). Bnti!,h P. 242,721, Aug 18, 1934. 

^Wiegand, C., Merkel, E, and Tiel/e, E, U. S. P. 2,122,828, July 5, 1938, Chem. Abs,, 32, 6509 

(1938). 

Wilmanns, G., Dieterle, W., and Weithmann, H. K, German P. <>54,900, Jan. 4, 1938; Chsm. 
Abs., 32, 3268 (1938). 

t«»Risler. J., Compt. rend., 181, 782 (1925). 

Zernik, F., U. S, P. 1,688,259. Oct. 16, 1928; Bnt. Chem Abs., B, 528 (1929), 

Stockclbach. F. E., U. S. P. 2,128,334, Aug. 30, 1938; Chem. Abs., 32, 8274 (1938). 

Schneider, H., and Sperti, G., Bull. Basic Set. Research, 1, 9 (1926); Goode, G. P., Zbid., $» 

41 (1933). 
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coluton axK the number of cubic centimeters of water in which one gram of sub- 
stance is dissolved. 


Table 16. — Transmission of Ultraviolet Rays by Filters, 


Salt 

Dilution 

Wave-length Limit, A 

Ammonium Sulfate 

Concentrated 

2030 

Strontium Chloride 

Concentrated 

2120 

Calcium Chloride 

2 

2220 

Acetic Add 

500 

2250 


50 

2300 


20 

2370 

Xxad Acetate 

(0.28 g. per 1.) 

2380 


1000 

2450 


600 

2480 


200 

2570 

Copper Sulfate 

100 

2570 

Lead Acetate 

(IS g. per 1.) 

2650 


40 

2680 


20 

2750 

Copper Sulfate 

40 

2880 


26 

2960 


3 

3130 

Cupric Chloride 

20 

3340 


In the preparation of these filters, no attention was paid to the purity or hydration 
of the materials. Instead, after preparation, the filters were tested spectrograph- 
ically and adjusted by the addition of water or concentrated salt solution. A semi- 
commercial scale apparatus in which these filters may be employed for tlie irradia- 
tion of large areas of solutions or liquids of various kinds has been described. 
(Figure 

Two Hanovia 500- watt quartz mercury arc burners, operated at 135-145 volts ax. 
are housed in two separate square metal shields equipped with air-cooling louvres. On 
the housing of each burner are mounted three filter cells, the frames of wdiich are of 
chromium*plated brass, 10 by 17,5 cm., equipped with large quartz filter plates 2 cm. 
apart. The quartz plates are sealed to the cell frames with picein wax. The joints on 
the side next to the lamp are cooled by water which flows tlirough the hollow section of 
the filter frame. The filter solutions are kept in five-gallon glass storage bottles in the 
top of the unit. All piping and valves in the filter feed and drain lines are either copper, 
brass, or chromium-plated brass. The filler solutions are forced through the lines by air 
pressure, maintained at ten pounds by a regulator. The flow is made visible by a drip 
cup in the drain line mounted on the front of the unit ; its rate is adjusted to change the 
solution in each cell every fifteen minutes. Six different filter solutions and distilled 
water are available for each lamp at any time by opening the proper line valves on the 
front panel. Nitrogen and ice water outlets are mounted on the unit so that a nitrogen 
atmosphere and cooling may he applied continuously to the material inadiated. Motor- 
driven rotating and stirring devices are built into each lamp housing. It is possible to 
irradiate oils in thin films in large rotating cylinders, solutions in rotating test tubes, 
and liquids in various types of cells equipped with stirrers. The distance from the 
burners to the cells is approximately 15 cm. Three experiments, utilizing different 
filters, may be carried on simultaneously with each lamp, or six with the complete unit. 

Withrow describes filters for the region 2900 to 3200A, made of solutions 
of organic acids adsorbed on regenerated cellulose or impregnated in gelatin sheets, 
the latter being the stronger and having the smoother .surfaces. In each of the 

Goode, G. n, Bull. Banc Sci. Research, 5, 39 (1933); U. S. P. 1,966,546-7, July 17, 1934, to 
General Development liaboratorics, Inc. 

Withrow, R., Bull. Basic Set. Research, 3, 82 (1931); U. S. P. 1,938,734, Dec. 12, 1933, to 
Geiloral Development Laboratories, Ttic. 
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Figure 91. Ultraviolet Irradiation Unit. (Goode, Bulletin Basic Science Research). 

three solutions used, the solvent is one liter of water and 125 cc. of glycerin to 
prevent cracking. No. 1 contains 80 gm. of sodium benzoate, No. 2, 40 gtn. of 
potassium acid phthalate and No. 3, 30 gm. of cinnamic acid and 10 gm. of 
potassium hydroxide. Sheets of the desired size of No. 600 Du Pont Cellophane 
are soaked in the desired solution for 12 hours and allowed to dry. In making 
gelatin filters, powdered gelatin in unspecified quantity is dissolved in the filter 
solution and the liquid spread on sheets of glass or quartz. The transmission curves 
of these three filters are given in Figure 92, in which Corex D and Quartz-Iite are 
added for comparison. On intense irradiation, particularly with the shorter wave- 
lengths, these filters deteriorate, the absorption limit shifting toward longer wave- 
lengths. For this reason, it is advisable to use these filters in conjunction with a 
filter of Corex D which absorbs much of the energy in the shorter wave-lengths, 

^ SuKflreated by Saundert, F., /. Opt. Soc. Am.^ IS, 362 (1928). 
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the gelatin filters serving to sharpen the absorption limits. Under such conditiotxs, 
two sheets of No. 1, absorb practically all radiations shorter than the 2890A line, 
two sheets of No« 2 all beyond the 3130A line and three sheets of No. 3 those beyond 
the 3340A line. 



Figure 92. Transmission Characteristics of Various Filters (Withrow, 

Bull. Basic Science Research), 

Jones described a set of eight filters, only two of which were intended for 
the ultraviolet region, the others covering the visible and infrared. One ultraviolet 
filter was made by combining 2 cm. of 10 per cent copper sulfate solution with 3.2 
mm. of Coming glass G 586. This filter transmits between 3300 and 4300A with a 
maximum of 69 per cent at 3800A. At all wave-lengths between 4300 and 12,000A, 
transmission is less than 0,1 per cent. The other ultraviolet filter combined a 1 cm. 
layer of a 50 per cent aqueous solution of NiS04.7H20 with 3.2 mm. of Corning 
glass G 986A. It transmits between 2600 and 3600 A, with a maximum of 50 per 
cent at 3100A, By adding 1 cm. of 2 per cent CUSO4.5H2O, all wave-lengths shorter 
than 3100A can be absorbed, Bhagwat has determined the transmission of solu- 

Jones, L. A,, /. Opt, S<k. Am., 16, 259 (192ft); /. Nutrition, 2, 111 (1929); Chem, Abs., 24, 1889 
cim). 

Bhagwat, W. V„ /. Indian Chem. Soc., 11, S (1934); Bull. Acad. Sci, United Provinces Affra Oudh, 
2, m (1932); Chem. Abs., 29, 7192 (1935). 
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tjons of ttickd salts. Combinations of these salts with cobalt salts transmit only in 
the tiltraviokt, a mixture of iMM cobalt chloride and 2.08Af nickel nitrate trans- 
mitting 3307-3598A. The cobalt salt alone transmits the 2618-4063 and 7100-7600A 
regions. 

Another list of ultraviolet filters for the mercury lamp, most of which also 
remove the infrared, has been proposed by Bowen, who employs the filters in 
round flasks which serve as condensers, increasing the light intensity. One flask 
a few centimeters from the lamp gives approximately parallel light. Two flasks 
almost in contact and with one nearly touching the burner, give more intense 
light converging to an image about S cm. beyond the second flask. For the regions 
(a) the yellow and green lines and (b) blue, violet and 366SA lines, the first 
flask (glass, 10-12 cm. diameter) contains distilled water and the second, a double- 
walled Dewar flask, has the inner part filled with water and the 1-cm. space filled 
with a solution of 60 gm. CuS04^5H20, 2 gm. K2Cr207, 55 cc. of concentrated 
sulfuric acid and made up to one liter with water. With this arrangement, 3.4 
mm. Corning 344 transmits only the 5790 and 5770A lines, and 5 mm. Coming 
512 only the green line 5460A, For the region (b), the solution for the outer 
part of the Dewar flask is 20 gm. CuS04*5H20 and 300 cc. aqueous ammonia 
made to one liter with water. With this solution, 2.5 mm. Corning Noviol A 
glass transmits only the blue line 4360A, 2 mm. of Corning Noviol 0 and 1 cm. 
of a carbon tetrachloride solution of iodine (7.5 gm. per liter) transmits only the 
4060 A line and 2 to 2.5 mm. of Chance's black ultraviolet glass transmits only the 
line 3665A. 

For the ultraviolet region, 10 cm. spherical quartz flasks are used. For the 
region 3340-2800A, the first flask has a solution of 70 gm. NiCl2‘6H20 and 30 cc. 
concentrated hydrochloric acid per liter. For the region 2800-2480A, a solution 
of one-fifth that concentration is employed. These solutions remove the infrared 
and 4060 A lines and greatly reduce the 3665 A line. For the 3340 A line, the 
second flask contains uric acid in water saturated at 15°C. For the 3135A line, 
this flask has a potassium chromate solution made by diluting 5 cc, of a stock 
solution (3.0 gm. per liter) with 5 cc. of 2N sodium hydroxide and 490 cc, of 
water. The filter is used with a 1-cm. plane quartz cell containing circulated 
potassium hydrogen phthalate (13 gm. per liter) in water. For the 3135, 3030 
and 2970A lines, the second flask contains 60 cc. of a stock solution of Auramine 
0 (0.125 gm. per liter) in 440 cc. of water, and is used with 1 cm. of circulating 
saturated benzoic acid in water. For the 3030 lines (and all shorter ones), the 
second flask contains water. For the 3030 A line, there is used 1 cm. of benzene 
circulating at the rate of 4 liters per hour; for 2650A, chlorine gas at 760 mm, 
(3 cm. layer) and a circulating solution of pure benzene in water (1 cm.) (82 cc. 
of the saturated solution at 15°C, diluted to lOOcc.). For the 2750-2480 A lines, 
3 cm. of chlorine gas at atmospheric pressure is used. For the 2540 A line, there 
is employed in addition to the chlorine filter, 1 cm. of a solution made by diluting 
8.6 cc. of a solution of 12.7 gm. iodine and 18 gm. of potassium iodide per liter, 
to one liter. Transmission data for these filter arrangements are given. Some 
changes in the list were made subsequently,^®® 

Slightly different filters, employing also cobalt sulfate in sodium cinnamate, 
have been recommended by Backstrom^®® for the medium ultraviolet region. 
Another series, using cobalt, chromium, copper, manganese and nickel salts 

Bowen,. E. J.. /. Chem, Sac., 22.^6 (1932). 

^ Bowen, E, J., i, Chem. Sac., 76 (1935). 

BackstrSm, H., Nuti^rwiss., 21, 251 (1933). 
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been described by Haddock for isolating nine of the principal bands of the 
mercury spectrum from 2652 to S780A, giving transmissions of 7 to 36 per cent 
Still others are due to Vaidya,^*^^ who describes 33 such systems and gives approxi- 
mate measurements of the energy transmitted by eight of them. 

For isolating for Raman studies the mercury triplet at 43S8A, Sanni6, Amy 
and Poremski use a filter solution containing 5 per cent nitrobenzene and 0.01 
per cent rhodamine 5G Extra in ethanol. A thickness of 1 cm, gives a transmis- 
sion of 0,001 for the lines 4046 and 4916 and of 0.95 for the desired triplet. Glass 
filters for other lines for Raman work have also been described by Amy.^**^* 

In Raman work, the 4046A line is better absorbed by Novipl A than by 
sodium nitrite solution, which is subject to change.^'^'^ 

According to Bhagwat and Dhar the ammonia complex of cupric chloride 
is a good filter for the region 4000 to 4590A. Cupric chloride with cobaltous 
chloride is satisfactory for the lines 2961 and 3248-74A. 

Mica has occasionally been used as a filter material. Ruby mica absorbs 
the least ; in a 0.03 mm. layer the transparency limit is 2900A. In 0.75 mm., it is 
3500 A, Green species absorb more strongly, as only traces pavSS through 0.5 mm. 
layers. Deep-brown Madagascar mica absorbs totally in 0.1 mm. layers.^’^'^ 
Transmission by Clothing. It is of interest to consider the degree to which 
our clothing prevents access of the ultraviolet to the body. Dozier and Morgan 
were unable to produce vitamin D in oils by irradiating them through baby flannel, 
pongee and crepe de Chine, although artificial silk and meadow lane materials 
transmitted the active rays. The mean interspace between threads and the 
weight are the important factors.^^® Trotman,^®^ who used a light sensitive 
dyestuff as an indicator of the permeability of the fabric to ultraviolet, was unable 
to detect any transmission even through viscose, cuprammonium, chardonnet and 
celanese rayons. Coblentz, Stair and Schoffstall have made physical measure- 
ments of the transmission of ultraviolet radiation through various fal)rics. Com- 
paring materials having the same weight, practically no difference was found in 
the amount transmitted through bleached samples of cotton, linen, viscose silk 
and cellulose acetate silk. Fresh, white natural silk is almost as translucent as 
bleached cotton, but wool is only half as transparent. In all cases when the 
fabric is dyed, or slightly yellow with age, the ultraviolet transmission through 
the thread is greatly decreased. Hence, in comparing dyed fabrics, the one with 
the large.st openings between the threads transmits the most ultraviolet radiation. 

Hirst, King and Lambert found every one of over a hundred fabrics to cut 
off a large proportion of the ultraviolet radiation, the weave and texture being 
more important than the material of the fiber. For equal thicknesses of material, 


Haddock, A. J., /. Sci. Instruments, t2, 218 (1935). 

^wVaidya, B. K., J. Univ, Bombay, 3, Pt. 2, 141 (1934); Chem. Abs., 29, 6S0S (1935). 

Sanni^, C, Amy, L., and Poremski, V., Compt. rend,, 202, 1042 (19 36). 
iT»Amy, L., Documentat, Sci., 4, 97 (1935); Chem. Zentr., 11, 2848 (1935). 

Biquard, D., Documentat. Sci., 5, 81 (1936); Chem. Abs., 31, 7758 (1937). Sec, however, 
Bayley, P. L., /. Opt. Soc. Am., 27, 303 (1937), 

Bharat, W. V., and Dhar. N. R., /. Phys. Chem., 35, 2383, 2391, 2401 (1931). 

Hausmann, W., and Krumi>ell, O., Strahlentherapie, 35, 387 (1930); Takagi, T., Ibid., 40, 189 
(1931). 


Finkelnburg, W., Naturwiss, 14, 919 (1926). 
iTODoaicr, C. C., and Morgan, H., Am. J. Physiol, 84, 603 (1928), 

Morgan, H.. Am. I. Physiol, 86. 32 (1928). 

^"OTrotman, S. R., Textile Recorder, 47, 63 (1929); Chem. Abs., 23, 2297 (1929). 

=^CoWcnt 2 , W. W., Stair, R., and Schoffstall, C. W., Bur. Standards J. Research, 1, 105 (1928). 
^ Hirst, H. R,, King, P. E., and Lambert, P. N., J. Soc. Dyers Colourists, 44, 109 (1928): 
Chem. Abs., 22, 2061 (1928); Ecclcs, J., Silk 7, 37 (1931). ’ Vi o;. 
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they believed wool to have on the whole a higher transmissive power than the 
other fabrics tested. Any kind of dyeing decreases the ultraviolet transmission. 
Young suggested tracing do A as a substitute for the more expensive 
ultraviolet glasses for use in country cottages, chicken farms, etc. This could 
not be confirmed at the Bureau of Standards. The total ultraviolet of wave^ 
lengths 2500-3100 diffusely transmitted through a new sample of tracing doth 
amounted to about 26 per cent before wetting and 14 per cent after removing the 
sizing and drying the cloth. Balloon fabric transmits 21, batiste 16, and nain- 
sook 31 per cent. 

Physical Methods for Isolating Lines or Wave-Length Bands 

Unique among filters employing physical principles is that of Christiansen, 
which acts on^®** the principle that a suspension of a finely divided solid in a 
liquid transmits only radiations of the wave-length at which the refractive index 
of the solid is the same as that of the liquid. While such filters have frequently 
been used in the visible region, the principle has only recently been extended to 
the ultraviolet.^®® A solution of 56 per cent benzene and 44 per cent ethanol 
containing amorphous silica at 20° C. transmits at 3600A. Such filters are very 
sensitive to temperature changes. Andrews^®® furnishes details of an apparatus 
for separating visible from ultraviolet light, which depends upon the fact that the 
visible rays are less refracted by a lens than is the ultraviolet radiation. Figure 
93 diagrammatically shows the design of the apparatus, A is a source of visible 



Figure 93. Diagram Showing Principle of Andrew's Separator. 


light, also producing ultraviolet rays. B is a quartz lens. D is a thin sheet of 
metal pierced with a pinhole at C, the diaphragm being so placed that the pinhole 
is in the exact mean focus of the visible rays. F is a small metal disk and G is a 
screen. A front view of the screen is shown at H. The operation of this instru- 
ment is based on the fact that the mean focus of the visible light is located at a 
measurable distance beyond the mean focus of the invisible rays owing to the 
greater refrangibility of the latter over that of the former. If, therefore, the 
diaphragm D is carefully adjusted so as to bring the pinhole C into the exact 
mean focus of the ultraviolet rays, tht rays of the latter will pass through the 
pinhole and spread out again on the other side of the diaphragm. The mean 

focus of the visible light being some distance beyond the pinhole, its rays will 

be largely intercepted by the diaphragm, and through the pinhole only a few of 
the nearly parallel rays of visible light will pass. In operation, if the screen H 
is made of non-fiuorescent material, there will appear on it only the small illumi- 

»» Young, C. H., Nature, 123, 47 (1929). 

»“Sce Holit, G., Z. ufiss. Phot,, 36, 145 (1937); Brit. Ckem. Abe., B, 479 (1937). 

^‘'Kohn. H., 4nd v. Fragstein, K., Physik. Z., 33, 929 (1932); Ahicr. G., Compt. rend., 205, 37 

(1937). 

»«AjidreW8, W. S., Gen. Bleciric Review, 817 (1917). 
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Bated spot IC^ but if it be coated with a fluorescent substance, such as powdered 
willemite, this snrnU luminous spot will be surrounded by a disk of bright green 
light produced by the fluorescence of the willemite excited by the circular field of 
invisiWe ultraviolet rays. Should it be found desirable to cut out the spot of 
visible light, the small metal disk F can be set up in such a position as to cast 
its shadow over the spot K and so transform it from a bright spot to a dark one, 
leaving the disk of green fluorescent light otherwise unchanged. 

The method has been extended by Terenin^®'^ to the separation of various 
ultraviolet regions, Forbes, Heidt and Spooner prefer it to the monochro- 
mator for the aluminum lines around 1940A and the zinc lines near 2030-2014A. 

Another way of getting a monochromatic radiation is to employ the rays 
given out by cold mercury vapor when transversely illuminated by a mercury 
vapor arc. This radiation is about one-fortieth as intense as the 2537A line of 
the original source, but offers some possibilities for photochemical work.^®® Very 
low voltage arcs also deliver monochromatic radiation in the resonance lines, but 
this radiation is of low intensity,^®^ 

By far the most generally used optical method employs a prism monochromator. 
Light from the source passes through a slit to a prism (a collimating lens may be 
added) and after passing a lens emerges through an exit slit, which is narrow 
enough to exclude all but the desired wave-length region. This slit is also mov- 
able so that any desired wave-length range may be isolated. Any such instrument 
must, however, represent a compromise between monochromatic purity and loss 
of intensity. For greater intensities, monochromators are best employed with 
the constricted mercury arc as source. Details are to be found in the catalogs 
of instrument makers or in textbooks on optical instruments. Many photochemists 
design and build their own monochromators; valuable suggestions regarding such 
instruments and the optical losses they involve have been given by Forbes.^®' 
Details have been given by Heidt and Daniels regarding laboratory-built instru- 
ments attd by Kurtz i®® regarding a commercial type. Reflection losses in the 
Hiiger monochromator have been studied by Ridyard and Style.^®^ Granath 
calculates that in the Hiiger E 31 quartz spectrograph, the absorption at 1860A 
by the quartz is 50 per cent and by the air 17 per cent. At 1900A, the values are 
31 per cent and 3 per cent, at 2000A, 23 per cent and 1 per cent and at 2100A, 
16 per cent and 0.5 per cent, respectively. Forsythe and Barnes i®® have described 
a quartz monochromator especially intended for studying the intensity of the 
radiation in the ultraviolet spectrum from various sources.^®’’' 
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Chapter 11 

The Sun as a Source of Ultraviolet Radiations 

The discussion of filters in the preceding chapter paves the way for a con- 
sideration of the amount and quality of the ultraviolet energy available on the 
earth*s surface, since a large portion of the energy emitted by the sun is absorbed 
in the earth's atmosphere. Only about 70 to 78 per cent of the smi's total radiant 
energy of all wave-lengths which strikes the upper atmosphere gets through to 
sea level when the sun is at the zenith and the air is free from dust and clouds.^ 

Astrophysical evidence indicates that the past billion years is only a small 
fraction of the period since the sun began to shine. In the past billion years, 
it has emitted 1,20x10®^ ergs of energy (3.79x10®® ergs per second times 10“^ 
seconds per year x 10^^ years). This is more than three billion billion billion 
billion kilowatt-hours. Expressed per gram of the sun's mass (1.983 X 10®® grams), 
the radiation per year is 6.05 x 10^ ergs (1.44 calories) ; in a billion years at this 
rale, the radiation has amounted to 6.05 X 10^® ergs per gram, a lower limit. 

It is believed that the whole ball of the sun is composed of hot gases, increasing 
inward in temperature and density. We see only the surface layer of gases— 
only down to where the density is a thousandth part of an atmosphere. This 
visible .skin — photosphere — contains only as much mass as would a layer of a 
few feet of atmospheric air around the sun, far too little to produce the intense 
energy radiation. This must, therefore, be produced below the photosphere and 
flow toward the surface, which itself has a temperature of about 60C0'^K. 

Many suggestions have been made as to the nature of the processes producing 
this energy; most of those based upon processes experimentally familiar have 
been found quantitatively inadequate. Recently, astronomers such as Eddington, 
have adopted the principle of Einstein that mass is in some way equivalent to 
energy and have built upon this models to describe the solar, or more generally, 
stellar radiation processes. 

This principle states that a loss of m units of mass corresponds to the libera- 
tion of mc^ units of energy, where c is the velocity of light. This constitutional 
energy is 8.99 X 10-^ ergs per gram, about 15,000 times the estimated radiation 
per gram of the sun's mass during the past billion years. The Einstein principle 
of the equivalence of energy and mass would imply that the sun is losing 4,660,000 
tons as energy per second, the earth receiving four pounds and three ounces as 
energy per second.^ 

In Eddington's theory, the material throughout the sun is in the state of a 
nearly perfect gas, the density increasing toward the center at such a rate that 
at the center it is about 54 times the mean density (1.41 grams per cubic centi^ 

1 Stewart, J. Q., f J Frank, Inst , 204, 4.^S (1927)3 has given an interestinp: general account ol the 
theories of the origin of stellar energy, trom which much of the information m these paragraphs 
has been derived. 

a Discussion by Eddington, A. S., Nature, 117, Supplement to May 1 (1926); see, however, 
Jeans, Sir J., Nature, 117, 689 (1926); Menzel, D. H., Science, 65, 431 (1927); Nernst, W., J. Frank 
Inst, 206, isS (1928). See also, Landau, L., Campt. rend. acad. set, U.R.S.S., 17, 305 (1937); 
Chetn. Abt, 32, 2426 (1938). 
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meter). This Would make the central density more than three times greater than 
that of platinum. The gas at the center of the model sun is assumed to be under 
a pressure of more than a billion atmospheres and at a temperature of nearly 40 
million degrees IC At such temperatures, it is believed that the shells of electrons 
are tom off from the atoms, leaving them stripped so that the kernels which 
remain are small enough for the gas to behave as such despite its high density. 

Although considerations such as these are highly speculative, they may serve 
to afford some conception of the nature of the problems involved. 

In the spectra of the sun about 60 elements have been identified.® Russell ^ 
has surveyed and discussed the evidence regarding the relative abundance of the 
elements in the sun*s atmosphere. Sodium, magnesium, silicon, potassium, calcium 
and iron form 95 per cent of the whole mass. Elements of even atomic numbers 
are ten times as abundant as those of odd atomic numbers. The metals from 
sodium to zinc are far more common than any others. Compounds are present 
only in small amounts, cyanogen being rarer than scandium. The presence of 
boron and phovsphorus has been much discussed. The estimated temperature of 
the reversing layer is 5600° and the pressure at its base is 0.005 atmosphere. It 
appears to contain 60 parts of hydrogen (by volume), two of helium, two of 
oxygen, one part of metallic vapor and 0.8 of free electrons. The temperature of 
the sun spots is close to 4900° absolute.® 

Effects of the EartWs Atmosphere on Solar Radiation. Most of the lines 
which have been studied in deriving information on solar radiation have been 
located in the infrared and visible regions. Only a small part of the ultraviolet 
adjacent to the visible has been included. This is because the earth’s atmosphere 
absorbs the shorter ultraviolet radiations; according to Lyman, the physicist Cornu 
found the spectrum of the sun to terminate quite abruptly at about 3000A. Our 
knowledge of the actual ultraviolet output of the sun, or of the amount of ultra- 
violet energy which reaches the outer layers of the earth’s atmosphere is, therefore, 
limited because of absorption of ultraviolet within the atmosphere. Jl has been 
necessary to depend upon indirect methods, such as a consideration of the nature 
of the absorbing substance or substances and their distribution in the atmosphere 
in drawing conclusions as to the probable amounts of ultraviolet reaching the 
outer atmosphere. The most extensive estimates of the energy distribution outside 
the atmosphere have been made by Abbot® for the region 4000 A, and by Fabry 
and Buisson for shorter wave-lengths.*^ The way in which this energy distribu- 
tion is computed is about as follows: A series of observations is made of the 
normal incident energy at various times throughout the day. At these different 
times the rays pass through different laigths (or masses) of atmosphere. A 
vertical path gives an “air mass’* of one. For variations from the vertical, the 
“air mass” varies as the secant of the angle. By graphical methods, it is possible 
to obtain from a series of intensity observations with different “air masses” an 
extrapolated value for an “air mass” of zero which represents the sun’s energy 
before it is filtered by the atmosphere. Thus at 3100A the transmission for “air 
mass” of 1 is 0.1, and for “air mass” of 2, 0.01 (8 A.M. or 4 P.M.) and at “air 

®St. John, C. E., Proc. Nat. Acad. Set., 15, 789 (1929); Astrophys. 70, 160 (1930); Dingle, H., 
in article **Sun** in Encyclopedia Bnttanica, 14th ed. 

♦Rusaell, H, N., Astrophys. J., 70, 11 (1929). 

® Richardson, R. S., Astrophys. 73, 216 (1931). 

« Abbot, C G., Smithsonian Miscellaneous Collections, 74, IS (1923); Annals Astrophysicat Obser^ 
vatoty, 2, 112 (1908). 

’Fabry, C., and Buisson, H., Compt. rend., 175, 156 (1922); Astrophys. J., 54, 297 (1921). 
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mass” of 3 it is only one part in a thousand® During the stratosphere flight of 
the Explorer 11 to 72,395 feet, the total ultraviolet increased not over 4 per cent® 

From the standpoint of the biologist, the absorption of radiations of the shorter 
ultraviolet rays by the atmosphere is of the greatest importance. It is shown in 
Chapter 35 that ultraviolet rays shorter than about 2950A are lethal to bacteria 
and destructive to living cells. Life, as we know it, could not exist on the earth 
if the absorption of these shorter rays in the atmosphere did not occur. 

It is, therefore, interesting to determine which component of the atmosphere 
absorbs these rays. Both oxygen and nitrogen absorb strongly only rays of very 
much shorter wave-length (1850 A and less than 1250 A, respectively). Accurate 
data on the absorption by oxygen in the region 1850 to 2300 A have been deter- 
mined by Granath.^® Earlier important observations were due to Fabry and 
Buisson,^^ Ladenburg and Lehmann,^^ and Hallwachs.^® That the absorbing 
component for bactericidal radiations is ozone has been known for many years. 
Hartley having been credited with first suggesting it.^^ The origin of ozone in 
the upper atmosphere is still, however, an unsolved problem, despite a consider- 
able amount of work.^^» According to Fabry, a thickness of ozone of about 
3 mm. at normal temperature and pressure would account for the observed 
absorption. This was calculated from absorption measurements of known con- 
centrations of ozone and of varying thicknesses of the absorbing layer of the 
earth's atmosphere. Subsequently, a number of papers have been devoted to the 
distribution of ozone in the atmosphere. 

Probably the best o])portunity for accurate studies was afforded by the strato- 
sphere fliglits of the Explorers T and IL These indicated little ozone up to 
52,000 feet. Above this, the concentration of ozone increased rather rapidly and 
at 72,000 feet nearly 25 per cent of the total quantity of ozone lay below the level 
of the balloon. In the summer flight of 1934, the ozone was equivalent to 2.5 mm. 
and in the November flight of 1935 to 1.9 mm.^’*' 

Nitric acid occurs in the atmosphere, more at high than at low altitudes.'^® 
It has been suggested that the nitrates and nitrites present in the atmosphere are 
derived from the photochemical oxidation of ammonia.^® Vorlander and Gohdes^® 
find moist air to contain oxides of nitrogen to the extent of 1S-30X 10“® gm. per 

» Gordon, N. T., and Benford, F., Gen Electric Review, 33, 283 (1930). 

*Tecle, R. 'P , National Gcooraf^hir Society, Stratosphere Series, No. 2, 133 (1936). 

«Granath, L. P., Phys. Rev, 34, 1045 (1929). 

^ Fabry, C., and Buisson, H.. Compt rend,, 156, 782 (1913). 

^ Ladenburg, E, and Lehmann, E, Bet. dcntsche physik, Ces,, 4, 125 (1906). 

“Hallwachs, W., Ann. Physik, SO, 602 (1909). 

^Hartley, W. N., 7. Chent. Phys., Ill (1881), cited by O'Brien, B., National Geographic Society, 
Stratosphere Series, No. 2, 49 (1936). For recent observations, Dcjardm, G., and Amulf, A., Compt. 
rend, 205, 1000 (1937); Vassy, F, Atm. phys., 8, 679 (1937). 

^Rayleigh, Lord, Science, 70, 8.^ (1929); Rosseland, S., Nature, 123, 761 (1929); AngstrSm, A., 
Gerland's Beitr. z. Geophysik, 21, 2, 145 (1927): Dobson, G. M. B., Harrison, D. N., and Law- 
rence, J., Proc. Roy. Soc., IHA, 521 (1927); Dauvillier, A., Compt rend. 197, 133 9 (1933); Barbier, B., 
Chalonge, D., and Vassy, E., Compt. rend., 201, 787 (1935); Fowle, F. E,, 7. Terrestrial Magnetism 
and Atm. Elec., 33, 151 (1928); Dobson. G. M B , Kimball, H., and Kidson, E*., Proc. Roy. Soc., 129A, 
411 (1930); Wulf, O. R., Phil. Mao . 17, 251 (1934); 7. Opt. Soc. Am., 25, 231 (1935); Harteck, P.. 
Naturzviss., 19, 858 (1931): Mecke, R, Z. physik. Chem. Bodenstein Festschrift, 329 (1931); Saiia, 
M. N., Proc. Roy. Soc. A160, 155 (1937). 

“Fabry, C., 7. Math. Physics, 4, 1 (1925); Cabannes, J., and Dufay, J., /. Phys. Radium, 7, 257 
(1926). 

M O'Brien, B., National Geographic Society, Stratosphere Series, No. 2 (1936). Compare Regener, 
V. H., Z. Physik, 109, 642 (1938). A recent theoretical calculation of the vertical distribution of 
orone is due to Wulf, O. R., and Deming, L. S., Terr. Mag., 41, 299 (1936). 

“Rao, G, G., and Dhar, N. R., Z. anorg, aUgem. Chem., 199, 422 (1931). 

“Rao, G. G., Bull. Acad, Sci., United Provinces Agra Oudh Allahabad, India, 1, 82 (1931); Chem. 
Abs., 26, 5849 (1932). 

*®Vorlindcr, D., and CJohdes, W., Ber., 64B, 1776 (1931). 
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cubic meter of N208« Irradiation with ultraviolet increases this from ten to a 
hundred times. Ammonia may be decomposed into nitrogen and hydrogen in the 
stratosphere.^^ Formaldehyde may also be present in air since it may be detected 
in rainwater. The amount therein is not increased by lightning, but is greater 
when the rainfall has been preceded by some sunny days. Dhar and Ram sug- 
gest that formaldehyde may be produced from carbon dioxide and water by 
radiation of wave-length 25S0A, at altitudes where this radiation has not all been 
absorbed by the ozone layer. 

Suspended ultraniicroscopic particles, partly consisting of ammonium nitrite 
and nitrate and sodium chloride and perchlorate, cause a scattering of radiations, 
greater at altitudes above those where rain exerts a cleansing effect. Duclaux 
believes that this may play some part in causing the disappearance of the solar 
spectrum beyond the ozone bands, and that absorption by oxygen in the short 
wave region may not wholly account for it. 



Figure 94. Prof. Winchester's Limit of Blackening on Photographic Plates for North 
Sky at New Brunswick (N. J.) for Different Seasons of the Year (Forsythe and 
Qiristison, General Electric Review). The vertical line above each month denotes 
its beginning. O = Winchester’s values. X = Points plotted from data in paper 
of Forsythe and Christison. O = Two calculated points. 

Limits of the Solar Spectrum. Comparatively few workers have been inter- 
ested in determining the long wave region at which solar radiation first penetrates 
to the earth. Adel, SHpher and Barker®^ place it at 13.Su and attribute it mainly 
to vibration spectra of carbon dioxide and to a lesser extent to ozone. Beyond 
17/x there is also absorption by water vapor, the effect of which is also observed 
in the red region of the visible, according to Beletskii.^® The regions 8-9 and 
10-12/i have high transparency. This radiation in the remote infrared is, however, 
insignificant in amount; Coblentz and Kahler^^ have stated that but little radiation 
of wave-lengths greater than 2ijl is transmitted by the earth's atmosphere. On 
some days the infrared energy component from about 2 to 3/i to the limit of the 
visible may be larger than the visible component. On clear days the two com- 
ponents may be about equal or the visible one may exceed the infrared. 

» Miitlgtion, C., Chimie ei Industrie, Special No* 328, September, 1925. 

*»Dhar, N. R., and Ram, A,, Nature, 132, 819 (1933). 

^Duclatix, J., /. phys. Radium, 4, 625 (1933). 

~Adcl, A., Slipbcr, V. M., and Barker, E. F., Phys. Rev., 47, 251, 580 (1935). 

• Bdetskii. F. A.. Zkur. Geofis., 6, 64 (1936); Chem. Abs., 31, 3383 (1937). 
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There have been many determinations of the short-wave length limit since 
the time of Cornu, but his value of 3000A holds fairly well. The exact value 
varies greatly with seasonal, altitudinal and other influences. Coblentz fand 
Kahler believed that radiations less than 3000A, if present, amount to less than 
S per cent (20 per cent in the mercury arc) of the total ultraviolet component* 
Others have stated the limit as 2900A or 2845A. Its variation at Davos in the 
Swiss Alps has been widely quoted.^^ From December to February, it was 3120A, 
September to November, 3080A, March to May, 3010A, June to August, 2962A.^® 
Fabry and Buisson showed that the amount of energy of wave-length 2900A that 
reaches the earth^s surface is only one-millionth that for 3140A, and even for the 
larger value the intensity is small. Winchester has given an experimental curve 
(Figure 94) showing the wave-length limit at New Brunswick, N. J., as detected 
by the blackening of photographic plates exposed to the north sky at various times 
of the year. The shortest wave-length found was 2968 A on June 1.®^ 

Amounts and Distribution of Solar Ultraviolet 

Coblentz and Kahler®^ state that the maximum normal solar radiation at perpen- 
dicular incidence varies from 1.37 gram calories per minute per square centimeter 
in January at Washington to 1.5 in May and September. The average seasonal 
intensity for three hours at noon may be taken as 1.2 gram calories per square 
centimeter per minute. The total radiation on a horizontal surface, with a clear 
sky, varies from 0.77 gram calories per minute in December to 1.55 in June. 
Clouds nearly in line with the sun, but not obscuring it, increase the radiation 
by about 0.15 gram calories. Othen^dse exprcvssed, the maximum radiation that 
can be received normal to the incident energy is 106 milliwatts per square centi- 
meter. Of the total radiation, only one or two per cent is in the ultraviolet 
with wave-lengths less than 3889A and more usually may be about half this, 
while in the case of the quartz mercury arc it may be 30 per cent. Coblentz and 
Stair ®® found that the upper limit of the total ultraviolet radiation ot wave-lengths 
less than 3100A is less than 0.004 gram calories per square centimeter per minute 
at sea-level. It cannot exceed 0,3 per cent of the total incident radiation or approxi- 
mately 300 microwatts per square centimeter Recently, Coblentz believed this 
figure should be reduced to less than 100 microwatts per square centimeter.®^ 
Luckiesh concludes that the best midsummer stinlight supplies not less than 
25 microwatts per square centimeter, with a probable value of 40 microwatts per 
square centimeter, of ultraviolet energy shorter than 3 100 A. 

With the growing appreciation of the rickets-preventing value of the radia- 
tions between about 3150 and 2900 A, there have appeared a great number of 
studies of the intensity of the available energy in this region and its seasonal, 
meteorological, altitudinal and other variations.®® Especial attention has been 

«« Coblentz, W. W., and KaWer, H., Set, Papers Bur. Standards, No. 378 (1920). 

s^Dorno, C, StrahUntherapk, 31, 341 (1929); Kiepenhauer, K. O., Naturwiss.^ 25, 669 (1937). 

» Cited by Price, W. A., Ind, Eng. Chem.. 18, 679 (1926), 

» Cited by Forsythe, W. E., and Christison, F„ Gen. Elec. Rev., 32, 664 (1929). 

Curve reproduced by Forsythe, W. E., and CHiristison, h., Gen, Elec. Rev., 32, 667 (1929). 

"Coblentz, W, W., and Kahlet, H., Set. Paper 378, U. S. Buteau of Standards, 1920, 

“Gordon, N. T., and Benford, F., Gen. Elec. Rev., 33, 283 (1930). 

“Coblentz, W. W., and Stair, R., Bureau Standards J, Res., 3, 629 (1929). 

“Coblentz. W. W., I runs. Ilium. Eng. Soc , 26, 574 (1931). 

“Luckieah, ** Artificial Sunlight,** Van Nostrand, 1920, cited by Coblentz, W. W.; see at«t> 

Forsythe, W. E., and Christison, F., J. Opt, Soc, Am., 20, 396 (1930). 

“Hill, G. L., Proc. Roy, Soc., 102B, 119 (1927). 
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devoted to the effects of dust and smoke in lowering the biologically valuable 
rays.^^ Ashworth®^ considers the effects of winds from towns. 

Forsythe and Christison calculated from Abbot's data on the distribution of 
energy in solar radiations, curves of the transmission of the atmosphere for 
several wave-length regions, giving the per cents of total radiation and their 
amounts in milliwatts per square centimeter at Cleveland, Ohio for a horizontal 
surface, corrected for the sun's distance from the zenith (Table 17). It must 


Table 17, — Transmission of Ultraviolet Rays by Atmosphere. 

1.07 Atmosphere 1.5 Atmosphere 2.37 Atmosphere 
1 Atmosphere June 21 Feb. 15 Dec. 21 


Reirion 

% 

Milliwatts 

% 

Milliwatts 

% 

Milliwatts 

% 

Milliwatts 

0.31-0.29 M 

0.022 

0.024 

0.019 

O.O:^ 

0.0063 

0.0061 

0.00051 

0.0004 

Below 0.325 

0.24 

0.26 

0.21 

0.22 

0.11 

0.11 

0.029 

0.023 

Below 0.35 

1.1 

1,17 

1.0 

1.07 

0.64 

0.63 

027 

022 

Below 0.40 

3.9 

422 

3.8 

3.97 

2.8 

2,70 

1.62 

1.3 

0.40-0.76 M 

43.7 

46.8 

43.9 

45.8 

42.1 

40.4 

39.1 

31.4 

Total 


107.0 


104.5 


96.1 


802 


be noted that these are calculated values, rather than the direct results of actual 
measurements. The values are in fair agreement with similar calculations by 
Holladay^^ based upon the assumption that the sun radiates as a black body at 
6000 °K. The paper of Forsythe and Christison also contains theoretical curves 
showing the variation of energy below 3250 and below 3 100 A per square centi- 
meter at Cleveland at various times of day during the winter and summer sol- 
stices and the spring and fall equinoxes. There is also given a curve for the 


Figure 95. 

Ultraviolet Energy Below 3100A 
from the Sun Falling upon a 
Square Centimeter of the Earth’s 
Surface per Second for the Lati- 
tude of Cleveland, Ohio, at Differ- 
ent Times of the Year for 12 Noon. 
The vertical line above each month 
denotes its beginning (Forsythe and 
Christison, Gemral Electric Re- 
view) . 


variation of intensity of wave-lengths less than 31 OCA at noon throughout the 
year at Cleveland (Figure 95). They concluded it doubtful if any energy in this 
region is received from the sun in winter at or near a city where the dust and 
smoke are quite thick. The making of intensity measurements at various wave- 

*fBundescn, H. N,, Lemon, H. B., Falk, I* S„ and Coade, E. N., /. Am. Med. Assn., 89, 187 
(1927). 

Asti worth, J. R., Dept. Sci. Ind. Research, 20th Kept. InvestigaHons of Air Polluhon (England). 
59 (1935); Chem. Abs., », 5560 (1935). 

••Forsythe, W. F., and Christison, F., Gen, Elec. Rev., 32, 664 (1929); J. Opt. Soc. Am, 20, 401 
(1930). 

••Hcdladay, L. L., J. Opt. Soc. Am., 17, 329 (1928). 
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Figure 96. Transmission Factors of Earth's Atmosphere (Forsythe 
and Christison, General Electric Review)* 

lengths in the ultraviolet requires expensive equipment and skill, and compara- 
tively few have made such measurements. In the region around 3000A, the data 
are of somewhat lower accuracy than in the visible region. There are irregu- 
larities when the data of Fabry and Buisson and of Abbot are combined in one 
curve for the transmission of the atmosphere. (Figure 96.) For this reason more 
direct determinations are desirable. 



Figure 97. Transmission of Atmosphere for Erythema Radiation at Noon, Latitude 
of Schenectady, N, Y. (Gordon and Benford, General Electric Review)* 
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Gordon and Bcnford'*^ g:ive calculated curves (Figpure 97) for the atmospheric 
transmission of radiations of wave-lengths 2900 to 3130A for the '‘air masses'' 
corresponding to various times of the year. The data of Fabry and Buisson for 
air mass of 1 were employed, and the transmissions were calculated for the lati- 
ttide of Schenectady, It is evident that the transmission of the biologically effec- 
tive rays becomes almost negligible in December as compared with the values of 
June. These values are also based upon the assumption of cloudless skies, so that 
the actual values are much smaller in winter months when dark days prevail. 
These values neglect radiation reflected by clouds and scattered by the blue sky, 
and radiation received from the sky, which has been estimated to be from one 



Figure 98, Energy Distribution Curve, Sunlight at Cragmor and Springfield I^ke. 

(Grdder and Downes, Transactions Illuminating Engineering Society). 

quarter to three-quarters of the amount of direct radiation received from the sun. 
Regarding this, however, definite statements can scarcely be made. Coblentz,^- 
by using a thermocouple and diaphragms subtending an angle of 45 degrees of 
the sky, found in winter at Washington (low humidity) less than 7 per cent of 
ultraviolet sky radiation in the total directly incident ultraviolet measured. On a 
hazy day with high humidity, the ultraviolet sky radiation was 10 per cent of the 
total incident ultraviolet radiation from the sun. Pettit studied the effect of 

^Gordon, N T, and Benford, F., Gen. Elec. Rev, 33, 283 (1930). For a reernt theoretical 
treatment of data from the Smithaonian obaervatory at Montcicuma, see Kiu, T , J. phys, radmm, 9, 
297 (1938). 

«Coblent 2 , W. W., Trans. Ilium. Eng. Soc., 26, 576 (1931). 

E., Trans. Nat. Tnbertulosis Assn. 24th Ann. Meeting, 110 (1928), cited hy Cob- 
\tnUt W. W. 



THB SUN>AS A SOURCE Of ULTRAVIOLET RADIATIONS 199 


Table 18. — ^Transmission of Ultraviolet Bays. 
Nooa sunshine intmisities ( watts X10~’ per »a. 


Springfield Lake, 

Antirachitic 
ultraviolet 
2900^3 lOOA 

Non-penetrating 
ultraviolet and 
visible 
3100-6$O0A 

il^netrating 
red and near 
infrared 
6500-14, OOOA 

Non-penetrating 

infrared 

14, 000-120, OOOA 

October, 1928 

1,2 

2894 

3660 

1760 

May* June, 1929 

2.3 

3404 

3786 

1834 

December, 1929 

0.49 

2440 

3720 

1615 

Cragmoor, 

November, 1928 

1.6 

3534 

4432 

1860 

June, 1929 

5.3 

4233 

4686 

2211 

January, 1930 

1.1 

3390 

4565 

1915 

“Clinical sunlight”’*' 

1.4 

3214 

4045 

1810 


♦This is the preferred heliotherapy dosage in these institutions corresponding to 
early momtng and late afternoon in summer and noon in winter. 


atmospheric scattering. He found on a clear day at Pasadena that the intensity 
of the ultraviolet radiation from the sky was 11 units as compared with 22 units 
from the sun plus the sky or 50 per cent of the total. But at Mt. Wilson, the sky 
contributed only 30 per cent of the total (7 units out of 23,3). 



Figure 99. Solar Radiation and Altitude of the Sun, Springfield Lake, Ohio. 
(Greider and Downes, Transactions Illuminating Engineering Society). 
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It is well known that tlie north sky is richer in ultraviolet than is direct sun*^ 
lig-ht, but^'* the intensity of light falling in winter at noon on a north window is 
only about 300 foot-candles as compared with 1100 on a south window. 

Greider and Downes reported direct energy measurements at Springfield 
Lake Sanatorium in Ohio (representative of low altitude locations in this latitude) 
and at Cragmoor Sanitorium in Colorado ('^mountain sun”). Figure 98 shows 
the noonday values for winter and summer at these locations. The data are 
summarized in Table 18. Here it is apparent that the variation between summer 
and winter is less than one to five in the region 2900 to 3100A, which is far less 
than might be expected from the calculated curves of Gordon and Benford. 



Figure 100. Solar Radiation and Altitude of Sun, Cragmor, Colorado. (Greider 
and Downes, Transactions Illuminating Engineering Society). 

Greider and Downes have also plotted (Figures 99 and 100), for the two 
locations, curves of the intensities within the wave-length regions of the table 
as affected by the altitude of the sun at various hours of the day. These curves 
can be used to determine the average intensity of the sun at any location at which 
the transmission of the air is similar to that at either of the locations studied. The 

Kimball, H, H., and Hand, I. P., Monthly Weather Rev., 50, 615 (1922), cited by (ob- 
lentSE, W. W. 

' Greider, C. E, and Downes, A. C, Trans, Ilium. Eng. Soc., 25 , 378 (1930); 26 , 561 (1931). 
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altitude of the sun is calculated for the location and time desired and the intensity 
may then be read from the curves. At the spring and fall equinox the altitude 
of the sun at noon is 90 degrees minus the latitude. At other times the value is 
increased or decreased by the amount of the sun^s declination. For hours other 
than noon, the altitude is given by tlie equation 

sin /» = sin <t> sin 5 -f cos ^ cos 5 cos t 

where h is the altitude of the sun, <j!) its declination, 8 the latitude of the place of 
observation, and t the hour angle, which is approximately 15® for each hour before 
or after noon. 

Such results can of course be only approximations, as they take no account of 
cloudiness, atmospheric pollution with dust or smoke, or the cleansing effect of 
rainfall. Coblentz mentions the pronounced effect of dense lowdying strata of 
finely divided particles from automobile exhausts. The influence of a peak in 
automobile traffic can be detected in the amount of ultraviolet reaching the earth. 
Coblentz made photoelectric cell measurements, using a standard screen of barium 
flint glass. The component of radiation 3130 to 4000A relative to the total ultra- 
violet 2900 to 4000A menstired in June sunlight at sea level was as follows: direct 
sunlight, 75 per cent ; overcast sky during a light rain (the diaphragmed opening 
in front of the photoelectric cell subtended 18 degrees), 60 per cent; light over- 
cast sky, 50 per cent; blue sky, 55 per cent; dark cloud, 64 per cent; witlun the 
laboratory, 4 5 meters from an open window, light from dark clouds through trees, 
64-65 per cent. The difference het\veen these values and 100 per cent is a measure 
of the component 2900 to 3 130 A. 

The Rentschler ultraviolet meter was employed by Meller, Hibben and Warga 
in a series of observations on the roof of a nine-story building in Pittsburgh. 
The cathode was mechanically rotated so as to be normal to the sun's rays. A 
Westinghouse watthour demand meter recorded tlie results ; each !me on the 
chart of the meter, representing the number of impulses in five minutes, is pro- 


Figure 101. 

Intensity of Ultraviolet Radiation 
for December 30, 1930. A. Sun and 
Sky. B Sky (Kunerth and Miller, 
Transactions Illuminating Engineer- 
ing Society), 
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portional in length to the amount of ultraviolet received at the photo-cell in that 
period. Records showing the comparative amounts of ultraviolet for an entire 
day were obtained in this manner. The intermittent obscuring effects of clouds 
or smoke were readily apparent. Slightly more ultraviolet was recorded on a 
day having scattered clouds than on a relatively clear day with slightly lower 
humidity. Even on a clear day there was a 100 per cent change in ultraviolet 

^Coblentz, W. W., Trans, Ilium, Bng. Soc.^ 26, 572 (193t). 
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received in a period of 15 or 20 niinutes. For comparison^ the zinc stdfide and 
ox^ic acid methods were also employed, but exact comparisons could not be made, 
as the amounts of sky exposure and the sensitivity curves differed in the methods 
as employed Meller and Warga***^ studied the effects of air contaminants on the 
natural light of cities. Similar data were obtained by Kunerth and Miller using 
the Rentschler meter without the aid of a graphical recorder at Ames, Iowa. 
Again the units are arbitrary, merely the number of impulses per second. The 
curves, Figures 101 and 102, show the ultraviolet in the sun and sky light and in 



Figure 102. 

Intensity of Ultraviolet Radiation 
for June 23, 1931. A. Sun and Sky. 
B. Sky (Kunerth and Miller, Trans- 
actions Illuminating Engineering So- 
ciety), 


the latter alone during the course of days in December and June. The energy 
from the north half of the sky at noon is approximately equal to one- fifth of the 
total from sun and sky combined. The variation of sky and sun ultraviolet with 
altitude of the sun and with month of the year are given in tables. The presence 
of snow on the ground increases the ultraviolet from sun and sky by about 20 
per cent From the data obtained by the meter exposed to sources otherwise 
calibrated, it appeared that each impulse of the meter was equal to about 39,000 
ergs or 3000 ergs per square centimeter. These authors also presented curves for 
the visible region from the sun and sky and from the latter alone. The total flux 
on a horizontal plane throughout the year at latitude 42° N if all days are clear is 
16,820,000 lumen-hours per square foot, of which 11,870,000 are received in 
spring and summer and 4,950,000 in autumn and winter. At noon at the winter 
solstice, the light from the sky is approximately 16 per cent of the total; at the 
summer solstice, it is 10 per cent. 

At New Orleans, the average daily amount of direct solar radiation of wave- 
lengths less than 3130A is less than 0.001 calorie per square centimeter from 
April to October and between 0.001 and 0.002 during the rest of the year. For 
the prevention of leg weakness in chickens, the amount required is about 0.00069 
calorie per square centimeter daily.^® 

Meller, H. B., and Warga, M. E., Am, J. Public Health, 23, 217 (1933). 

Kunerth, W., and Miller, R. D., Trans. Ilium. Eng. Sac., 27, 88 (1932). 

Mayeraon, H. S., and Laurens, H., Am. J, Physiol., 102, 422 (1932). 
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Chapter 12 

Introduction to the Mechanism of 
Photochemical Processes 


Among the earliest photochemical phenomena observed were the influence of 
light on the bleaching of linen, and the fading of certain natural dyes and pigments. 
The effect of light in developing the green color of plants, and the ability of green 
plants in some way to utilize the energy of the sun in converting carbon dioxide and 
water to carbohydrates and oxygen were recognized shortly after chemical knowl- 
edge had progressed to a stage at which the nature of combustion had become clear. 
A number of phosphorescent substances early attracted much attention. The photo- 
sensitivity of silver salts played an important part in the discovery of the existence 
of ultraviolet light. (Chapter 1.) The effect of light in accelerating the combina- 
tion of hydrogen and chlorine, the decomposition of chlorine water, and tlie reduc- 
tion of mercuric chloride solutions containing oxalic acid were the subject of a 
number of early papers,^ 

Grotthuss, in 1817, in studying the fading of alcoholic solutions of ferric chloride 
and other iron salts, concluded that only light which is absorbed can act chemically. 
This rather obvious statement, now frequently called the first law of photochemistry, 
at first attracted little attention, as interest in the energy relations of chemical 
processes was not yet general The Grotthuss law was independently rediscovered 
by Draper in 1843 in the course of investigations on the photochemical combina- 
tion of hydrogen and chlorine.^ 

The first extensive kinetic studies of a photochemical reaction were those of 
Bunsen and Roscoe (1855-1862) upon the hydrogen-chlorine combination. (See 
Chapter 18.) The choice of this reaction was unfortunate, since it is very sus- 
ceptible to the influence of traces of impurities, the presence of which gives rise 
to a latent period between the beginning of illumination and the start of the 
reaction. The observation of an induction period in a reaction so apparently simple 
led Bunsen and Roscoe and subsequent workers to attach undue importance to 
induction periods as a feature peculiar to photochemical changes. They did, how- 
ever, succeed in showing that in general the amount of material transformed in 
a photochemical change is proportional to the product of the light intensity and 
the time of illumination. (Bunsen- Roscoe Law.) 

Subsequently, a few other reactions were studied, including the oxidation of 
oxalic acid, 3 the drying of oils, ihe decomposition of amyl nitrite,^ the polymeriza- 
tion of anthracene,® and of vinyl halides.® About 1900 the Italian investigator 
Ciamician began with Sili)er a series of researches in which the substances pro- 


* For details of tbc history of early photochemical work, sec Plottiikow, “Allgemeine Photoohemie/* 
2nd cd , 83-105, 1936, de Gtuyter, Berlin. 

“Draper, J., London, Edinburgh and Dublm PhiL Mag., 23, 401 (1843). 

“Mohr, F'., and Wittstem, G., Phot. Arch,, 430, 1864. 

♦Tyndall, Jakresb. Chem., 108, 1868. 

® Fritsche, J,, J» prakt. Chem., 101, 337 (1866); 106, 274 (1869). 

“Baumann, E., Ann. Chem., 163, 317 (1872), 
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duced by the prolonged action of sunlight upon a wide variety of organic com- 
pounds were identified. 

During the first two decades of the present century, the development of the 
subject of the kinetics of chemical reactions led Bodenstein, Nernst and others 
to attempt the interpretation of the data on the rates of photochemical reactions 
in terms of the law of mass action. The difference between the rates of a given 
reaction occurring in light and in darkness was at first attributed merely to an 
effect of the light in increasing the velocity constant in the simple mass law 
expression, no consideration being given to the possibility of a difference in 
mechanism in the two cases. Attempts were made, although unsuccessfully, by 
Wildermann ^ to treat the function of the light energy in a fashion analogous to 
the manner in which Faraday treated electrical energy in the study of electrolysis. 

In the case of a few reactions the attempt was made to introduce the intensity 
of the incident light I^ in the expressions formulated for the reaction kinetics,® as 
for example, rate===k' [A]“ [B]°* Van't Hoff in 1904 introduced the assump- 
tion that the amount of substance tratisformed in a reaction is proportional to the 
amount of the light energy absorbed, rather than merely to the incident intensity, 
and thereby gave quantitative significance to the Grotthuss-Draper law. Attempts 
to determine whether or not all of the absorbed energy is effective photocheniically 
were made, notably by Luther and Weigert® for the anthracene-dianthracene 
equilibrium, by Goldberg for the photo-oxidation of quinine ])y chromic acid, 
and by Lasareff for the bleaching of dyes.^^ 

During this period there were also a number of theoretical studies of photo- 
chemical reactions, some dealing with mechanism and others with thermodynamic 
considerations.^^ j^eal progress had, however, to await the contributions of the 
physicist. In the first place, on the practical side, the development of the quartz 
mercury-vapor arc (Chapter 6) greatly stimulated the study of reactions following 
the absorption of ultraviolet rays, studies of the wave-length dependence of the 
yield soon appearing in great number. On the theoretical side, the development 
of the quantum theory (Chapters 1 and 2) for the first time permitted a beginning 
to be made in the approach to a satisfactory comprehension of the mechanism by 
which radiant energy may be absorbed by molecules. Before considering these 
mechanisms (Chapter 13) it is necessary to discuss the general physical laws of 
absorption. 

The loss in radiant energy of a beam of light which occurs during its passage 
through a cell containing a liquid or a gas is ascribed to three processes; (a), 
reflection at the surfaces, (b) scattering by any dust particles in the gas or by 
colloidal particles in the liquid and (c) absorption by the molecules of the gas 
or liquid. The last of these is the only one of importance photocheniically. In 
homogeneous pure liquids, scattering may usually be neglected. 

Lambert showed that the absorption of approximately monochromatic light 
varies exponentially with the thickness of the absorbing layer, or 4 = 
which and denote the incident and transmitted light intensities, x is the 


r84Ta?iof” ^ 

^ Roscoc m the hydrogrea chlorine reliction and Gros, O., Z. physik. Chem., 37, 157 

» Luther, R., and Weigert, F., Z. phystk, Chem,, 53, 38S (1905). 

Goldberg, E, Z. wiss. Phot., 4, 61 (1906). 

Lasareff, P., Ann, Phys , 24, 661 (1907); 37, 812 (1912). 

rend., 156, 1601 (1913); Henri, V., S^oir. Frame, d. Phys, 12, 2 (1911). 
Berthtslot, D„ and (Saudechon, H., Compt. rend,, 154, 1S97 (1912); 156, 889 (1913); 160, 519 (1915)! 
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thickness of the absorbing layer and ^ is a number characteristic of the absorbing 
substance and called its absorption coefficient Its value varies with the wave- 
length in a manner characteristic of the substance. ^ 

In 1852, Beer foimd that in the case of solutions, /? is proportional to the con- 
centration, c, of the absorbing component ^ may therefore be replaced by ar, a 
being the absorption coefficient of the absorbing component of the solution. (In 
cases in which the solute is modified by or reacts with the solvent, Beer^s law 
does not hold.) About this time, Stokes made extensive studies of the phenomenon 
of fluorescence, which consists in the emission of light of certain wave-lengths by 
a substance during the time in which it is being irradiated by light of (usually) 
other wave-lengths. He found that the wave-lengths of the emitted rays are 
greater than those of the exciting rays. (Stokeses Law.) 

The Einstein Photochemical Equivalence Law 

Of the utmost importance to the subsequent development of photochemistry 
was the derivation by Einstein of the photocquivalent law which states that 
each absorbed quantum should cause one light-absorbing molecule to react. The 
derivation of this law, obtained from Planck^s radiation law by thermodynamic 
reasoning, lies beyond the scope of this book. It implies that the number of 
molecules which have absorbed monochromatic radiant energy may be obtained 
by dividing the total absorbed energy in ergs (measured physically) by the energy 
hv of a single quantum of light of the frequency employed. To facilitate the 
evaluation of the quanta of various frequencies commonly employed in photo- 
chemistry, Bodenstein and Wagner proposed to employ the term einstein for 
the energy of N (the Avogadro number, 6.06 X 10^®) light quanta, this being the 
energy absorbed when each molecule of a gram-molecular weight of a substance 
absorbs a quantum of radiant energy. They suggested that the intensity of 
absorbed light be expressed in eiiisteins absorbed per liter per second. 

The idea that the rate of a photochemical reaction may be determined by the 
number of light quanta absorbed per second had been expressed by Stark as early 
as 1908^® preceding the derivation of the photochemical equivalent law by 
Einstein. Stark believed the primary effect of the light absorbed to be a loosening 
of the valence electrons, rendering the molecule chemically active. He also dis- 
tinguished between the primary process of the absorption of light by a molecule 
and the subsequent secondary processes initiated by the light-changed molecule. 

The value of the einstein is commonly expressed in kilocalories for photo- 
chemical work. It may be calculated by multiplying the frequency by Planck’s 
constant h (6.54 xl0~^’^ erg-seconds) and by N (6.06x10^®) and dividing the 
result by 4.182x10^® to convert ergs into kilocalories. If the wave-length in 
Angstrom units is first converted into the wave-number by the aid of the graph 
at the right of Figure 103 it may easily be converted into kilocalories by multi- 
plication by the factor 0.00285. Even this calculation may be avoided by the use 
of the curve (A vs. kcal.) in the same figure. 

An appreciation of the magnitude of the einstein at various wave-lengths is 
of value in enabling one to predict the possibility of effecting a reaction of known 
activation energy by the use of a given wave-length known to be absorbed by the 
reacting system. 

«« Einstein. A., Ann. Physik, 37, 832 (1912); 38, 881 (1913). 

M Bodenstein, M., and Waifner, C., Z physik. Chrm., 3B, 456 (1929). 

Stark, J., Pkysik. Z., 9, 898 (1908). 
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It fe convcttient to remembor that 10,000A, where the wave-mimber is alifp 
10,000, correspoiKis to 28.47 kcal* Then at 5000A the wave-number will be twice 
as great since it is the reciprocal of the wave-length which is half of 10,000A; 
the heat value will, therefore, be twice 28.47 or 56.94 kcal. The wave-length, 
4000A corresponds to 71 kcal., 5000A to 94.6 kcal. and 2000A to 142.1 kcal. In 
the x-ray region the values become enormous, but in the far infrared they decrease 
to such small values as 0.285 kcal. at 100^. 



Figure 103. Graphs for Conversion of Wave-lengths and Wave-numbers into Kilo- 
calories per Mole and for Conversion of Angstrom Units into Wave-numbers. 


Most photochemical reactions follow upon a process of absorption in which 
the configuration of the valence electrons has been in some manner altered, and 
it will be shown in Chapter 13 that visible or ultraviolet radiation is usually 
required to produce such an electron shift. In the infrared region, the absorbed 
energy is usually insufficient to produce such effects and instead serves only to 
alter the rotational motion of the molecule as a whole or the vibrational motion 
of its component atpmic nuclei with respect to eacli other.^® There is no funda- 
mental distinction between the reactions due to visible or ultraviolet light and 
it is not feasible to discuss their effects separately. In order adequately to discuss 
the effects produced by ultraviolet light it will frequently be necessary to disregard 
the limitation set by the title of this book and to discuss many reactions due to 
the absorption of visible light. 

Little is known of reactions which may be induced in the regions between the 
Schumann and the usual x-ray regions. Palmer has noted that radiations from 
a hydrogen discharge tube passing through a fluorite window into air cause the 
formation on the outside of the window of a film with metallic luster (soluble in 
alcohol) which probably is calcium oxyfluoride, and upon the latter a white powder 
insoluble in water and soluble in dilute hydrochloric acid. Both deposits impede 
the passage of rays of wave-lengths between 1250 and 1500A. 

Reactions Produced by X-Rays. These reactions have received far less study 
than those produced in the visible and ultraviolet regions. The direct photo- 

B., Trans. Faraday Soc., 27, 359 (1931), 

Palmer, F., Jr,, J. Cham. Fhysics, 2, 296 (1934). 
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chemical absorption of the radiation plays a role subordinate to the eff^ts of 
photoelectrons. The enormous energies of the x-rays make it possible for one 
quantum on ionizing a molecule to endow the resulting photoelectron with great 
amounts of kinetic energy.^® Subsequent effects bear some" resemblance to the 
reactions produced by the bombardment of a substrate with a stream of high- 
velocity electrons.^® 

According to Risse,-® and Fricke and Brownscombe pure, oxygen-free 
water is not decomposed by x-rays. Comparatively few inorganic reactions have 
been studied. Noteworthy among these are the hydrogen- chlorine combination,®® 
the decomposition of hydrogen peroxide and of potassium persulfate,®® and certain 
changes induced in ferrous sulfate,®^ chromic acid,®® iodine ®® and on photographic 
plates.®^ Among organic compounds, chloroform and iodoform have been the 
most extensively studied; hydrogen halides are liberated along with other less 
investigated products.®® 

General reviews of the chemical effects of x-rays, which in the main are much 
less extensive than those produced by ultraviolet rays, have been given by 
Glocker,®® Giinther,®® Clark and Pickett,®^ and by Fricke.®® Fricke states that a 
pecularity of x-ray action is that it frequently involves the production of molecules 
with unusually high energy states, such as water molecules with at least 91 kcal. 
per gram molecule. 

The Infrared Region, With the possible exception of certain explosionvS, which may 
be influenced by infrared radiations," no established case of a chemical reaction brought 
about by these radiations could be cited by Daniels in 1928.“ Many attempts were, 
however, made to find such reactions because of the stimulus of the radiation theory of 
the origin of the activation energy for chemical reactions, now nearly universally aban- 
doned. This theory which was first suggested by Trautz," and elaborated by Lewis," 
Perrin,*^ and others," held that the necessary activation eneigy calculated from the 
temperature coefficient by the Arrhenius equation, is obtained by absorption by the 

^ Dauvillier, A., Compt. rend., 171, 627 (1920). 

For a futther discussion of this topic, see Simons, L., Bra. J Radwlouy {Koentpen Soc., Sect. 
23), 124 (1927), or the article of Faila, G., in Duggar, “The Biological Effects of Radiations.” New 
York, McGraw-HUl, 1936. 

«»Risse. O., Z. physik. Chem.. 140, 133 (1929). 

Fricke, H., and Brownscomhe, E. R, Strahlcntherapic, 26, 319 (1929); 24, 749, 757 (1927); 
Fricke, H., and Washburn, M., Pkys. Rev., 40, 1033 (1932); Fricke, H., and Brownscomhe, E, R., 
Ibid., 44, 240 (1933); Fricke, H., /. Chem. Phys., 2, 349 (1934). 

Leblanc, M., and Volmer, M., Z. Elektrochem., 20, 494 (1914), Gdtzky, S., and Gunther, P., 
Z. physik. Chem., 26B, 373 (1934). 

“Glocklcr, R., and Risse, 0„ Z. Physik. 48, 84 5 (1928). 

** Shishacow, W., Phil. Mag., 14, 198 (1932); Fiicke, H., loc. cit. 

Fricke, H., and Washburn, M., loc. cit. 

Bordicr, H., Compt. rend., 163, 291 (1916). 

Eggert, J., and Noddack, W., Ber. dcutsche physik. Ges., 23 (1924) ; Gunther, P., and Tittel, H , 
Z. Elektrochem., 39, 647 (1933); de Moncetz, A. Compt. rend., IM, 284 {1927) \ Villard, P., Compt. 
rend, 184, 131, 309, 352 (1927); 186, 1669 (1928). 

“Glockcr, R., Z. tech. Physik., 7, 571 (1926); Z. Physik, 43, 827 (1927); 46, 764 (1928), 
Gunther, P., Angerv. Chem.. 46, 627 (1933); Hill, D., J, Am. Chem. Sac., 54, 32 (1932). 

a»Glocker, R., Z. tcch. Physik, 9, 201 (1928). 

Giinthcr, P., Angew. Chem., 41, 1357 (1928); Ergebnisse tech. Rontgenkunde, 4, 100 (1934). 

» Clark, G. L., and Pickett, L. W., /. Am. Chem. Soc., 52, 4 65 (1930); Clark, G. L, and Coe, 
W. S., J. Chem. Phys., 5, 97 (1937). 

Fricke, H., Cold Spring Harbor Symposia Quasit. Biol, 3, 55 (1935). 

*» David, W. T.. Proc. Roy. Soc., 108A, 617 (1925). 

“Danieli. F., Chem. Rev., 5, 56 (1928). 

* TrauU, M., Z. wiss. Phot., 4, 160 (1906); Z. anorg. Chem., 102, 81 (1917). 

Lewis, W. C. M., J. Chem. Soc., 113, 471 (1918); PhU. Mag., 39, 26 (1920). 

•’Perrin, J„ Ann. Phys., 11, 5 (1919), Trans. Faraday Soc., 17, 546 (1922); Compt. rend., 187, 
913 (1928). 

wBaly, E. C. C. Phil. Mag., 40, 1, IS (1920); Rec. trav, efUm., 41, 516 (1922). 
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0.032 to 0.104 for the third, eactremely high for the fourth, from 0.28 to 1.7 
(dependent upon the pre^ce of other gases) for the fifth, 0.024 to 0.25 for the 
sixth, and 0.25 for the last. 

It is important to note the manner in which experiments made with three 
separate wave-lengths of approximately monochromatic light in the hydrogen 
iodide decomposition and with two wave-lengths in the case of that of hydrogen 
bromide afforded a strong confirmation of the theory. Since the magnitude of 
the quantum increases as the wave-length decreases, it is evident that for the same 
total amount of energy absorbed at different wave-lengths, the number of quanta 
absorbed decreases as the wave-length decreases. Therefore, the yield of a given 
process should be less when the same total energy is employed at a shorter than 
at a longer wave-length. In the hydrogen iodide decomposition, Warburg found 
that the ratio of moles decomposed to the calories absorbed (multiplied by 10®) 
decreased from 2.08 at 2820 A to 1.85 at 2530 A and 1.447 at 2070 A. The expected 
values calculated upon the basis of the Einstein law were 1.003, 0.89 and 0.73, 
respectively. These were in each case very close to half of the observed values. 
Therefore, in each case, the quantum yield was two. The results in the hydrogen 
bromide decomposition were very similar. 

Warburg was also able to suggest a rca^^onablc explanation of the quantum 
yield of two by assuming the primary process of absorption by the hydrogen iodide 
or bromide to consist in a dissociation of these molecules into atoms. A relatively 
simple sequence of secondary reactions, supported on thermodynamic grounds bv 
Nernst, accounted for the observed quantum yield of two. In this way, granting 
the correctness of the assumed mechanism of the primai'y process, the observed 
quantum yield, despite the fact that it was not unity, could he regarded as a 
confirmation of the theory, The opinion gradually gained ground that when all 
factors were taken into account, it would be possible to devise mechanisms for the 
primary processes and secondary reactions for those phc>tochemica1 reactions in 
which extreme values of the quantum yields at first sight appeared less favorable 
to the theory. 

In summarizing his work, Warburg stated that the law has been proved to 
apply when the quantum absorbed is greater than the energy of dissociation, 
although in certain cases collisions of the products of dissociation with molecules 
of foreign gases may lead to a dissipation of their energy so that the law is 
apparently not followed. He also recognized at this time that in the case of 
reactions effected by the absorption of quanta smaller than the heat of dissociation, 
the mechanism of the primary process may involve the formation of excited rather 
than dissociated molecules. (This type of mechanism will be considered in more 
detail subsequently.) In this case, under certain conditions, complicating processes 
may lead to a dissipation of a portion of the energy of some excited molecules so 
that the quantum yield may be reduced. 

Perhaps the present position with regard to the Einstein law has been most 
clearly stated by Taylor who avoids the idea of equivalence implied by earlier 
statements of the law by giving it in the form of this .Second Law of Photo- 
chemistry : 

'The absorption of light is a quantum process involving one quantum per 
absorbing molecule or atom. The photochemical yield is determined by the 
thermal reactions of the system produced by the light absorption.'' Henri and 

w Warburg, E., Naiurtviss., 47, 1058 (1924). 

»Taylor, H. S., /. Phys, Chem., 32, 516 (1928). 
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Wurmser®^ recognized the importance of the nature of the primary process in 
determining the mechanism of a photochemical reaction jand discussed the manner 
(see Chapter 14) in which fluorescence and absorption spectrum studies may be 
employed in determining the nature of the primary process. 

, Despite general acceptance of the Einstein law, the possibility has been sug- 
gested that in certain cases one quantum of incident energy may activate more 
than one molecule of the absorbing substance. Basu®^ suggested, possibly as an 
outcome of Raman spectrum interpretations (Chapter 13), that the incident quan- 
tum uses part of its energy in activating the molecule it strikes, and that the 
remainder is scattered and may activate another molecule. 

Investigations of quantum yields have been and are still being carried out 
extensively because they provide data for testing proposed mechanisms for the 
reactions studied. Quantum yields are determined for various incident wave- 
lengths of radiation for each new photochemical reaction investigated. The 
influence upon the yields of many factors, including temperature, variations in 
the intensity of light, the eflects of changes in pressure in gaseous reactions and 
of concentration in solutions, the effects of different solvents, catalysts and inhib- 
itors, are being actively studied. The more detailed discussion of these topics is 
given in connection with the individual reactions considered in subsequent cliapters. 

Chain Reactions 

Allusion has been made to the fact that in certain reactions high quantum 
yields have been observed. Thus in the hydrogen-chlorine combination, it was 
stated that the quantum yield was of the order of a million. To explain this, 
Nemst®^ proposed on thermodynamic grounds the possibility of the following 
cycle of reactions : 

CU + hp ^ Cl + Cl 

Cl + H« > HCl-i-H 

H + CU ^ HCl + Cl, etc. 

The l^st two of these reactions evolve Iieat and can occur spontaneously and be 
repeated until the hydrogen and chlorine are consumed. Other reactions are con- 
ceivable, but arc limited in extent. If two chlorine atoms could combine to form a 
chlorine molecule, they might be expected to dissociate again on absorption of 
mother quantum of radiation. There is, however, an even more cogent reason why 
aeither this process nor the combination of two hydrogen atoms to form molecules 
ran occur to any considerable extent. The combination of two chlorine atoms is 
[exothermic to the extent of 58.5 kcals. For the production of a stable molecule by a 
rollision of two atoms it would be necessary for the energy of recombination to be 
removed in some manner or the atoms would move apart again. If, however, two 
itoms of chlorine (or of hydrogen) should chance to collide at the same time with a 
molecule of an inert gas or with the wall of the reaction vessel, the excess of energy 
might be imparted to the inert gas molecule or to the wall so that a stable molecule 
Df chlorine (or of hydrogen) might be produced. The inability of atoms to combine 
:o form molecules by two-body collisions thus provides one of the reasons which 
make it possible for the reactions written above to be so often repeated and thereby 
make the quantum yield so enormous. In the language of physical chemistry, the 
:hains are said to be long. 

Henri, V., and Wurmser, R., /. phys. Radium, 8, 289 (1927). 
wBasn, K. P., /. Phys, Chem„ 33, 1200 (1929). 
wNernst, W.. SitMb, Berlin Akad. U^iss, 65 (1911). 
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Although Ncmst set up the reaction chain ju«t discussed, he did not at that time 
suggest all of the details ; many others have contributed to the building up of our 
present concept of chain reactions. Nernst calculated that a similar cycle would be 
impossible in the case of the combination of hydrogen and bromine, because the 
reaction Br-f is endothermic. Actually, a mixture of hydrogen 

^tid bromine is not light sensitive at ordinary temperatures, although a chain reaction 
€)ccurs at higher temperatures. A further discussion of the more detailed reasoning 
in regard to these reactions and also the hydrogen iodide decomposition will be 
given in the chapter on reactions in the gas phase. (Chapter 17.) 

Many chain reactions are subject to inhibition by certain substances, which when 
present in traces, break the chains and lower the yields. A general discussion of 
the methods of determining the mechanisms of chain reactions has been given by 
Noyes.^ 

In interpreting the kinetics of chain reactions, three processes require considera- 
tion, (a) the chain starting process, (b) the chain terminating process and (c) the 
chain continuing process.®^ 

The Nature of the Primary Process- During recent years an increasing amount 
of attention has been devoted to an exact determination of the nature of the primary 
processes of light absorption and the molecular changes affected thereby. Although 
the book by Kistiakowsky on Photochemical Processes (1928) was predominantly 
concerned with the kinetics of a number of complete reactions, an indication of the 
recent shift in emphasis is to be found in the fact that the “Foundations of Photo- 
chemistry’* by Bonhoeffer and Harteck (1933) devotes 182 pages to the primary 
process, 39 to secondary reactions and only 59 to the kinetics of overall reactions. 
At present, efforts are being made to increa.se our knowledge of the secondary 
reactions. 

Besides the Warburg theory of dissociation as the primary process, others 
have been proposed. Recent studies indicate, however, that the production of 
atoms or free radicals either by direct dissociation following the absorption of a 
quantum or by predissociation (a process described in Chapter 14) is the most 
commonly encountered primary process. 

The early views were rather indefinite. Stark®® thought the primary effect 
to be a loosening of valence electrons, rendering the molecules chemically active 
(“intramolecular photoelectric effect”). Baly and Rice®® considered ordinary 
molecules as condensed systems which are non- reactive until opened up, and dis- 
cussed the relation of absorption bands and fluorescence phenomena to this loosen- 
ing process. An important paper historically was one in which Stern and Volmer 
on the basis of the then current interpretation of band spectra, took issue with the 
dissociation mechanism proposed by Warburg for the reactions of the hydrogen 
halides. These authors, influenced by the Bohr theory of the excitation of atoms, 
explained the primary process of light absorption by molecules in terms of an 
analogous elevation of the energy level of the molecule by the energy of the 
absorbed quantum. In this way they made somewhat more precise what is implied 
in the activation of molecules, a term which had been used earlier by Luther. 
They discussed particularly the possible ways in which excited molecules might 

Noyes, W. A., Jr., Cold Spring Harbor Symposia Quant. Biol., 3, 32 (1935), see also Semenov. N . 
Acta Physlcochim. U.R.SS., 3, 245 (1935). 

®«Ronefson, G. K.. J. Phys. Chem., 42, 773 (193S). 

Stark, J., **tPrmztpien dcr Atotndynamik,”* Leipzig, S. Hirzel, II, 207 (1911). 

••Baly, E, C. C., and Rice, F. O.. /. Chem, Soc., iOl, 1475 (1912). 

«^S4em, O., and Volmer, M., Z. wiss. Phot., 19 , 275 (1920). 
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dispose of their mttgy of excitation. In the first place the energy might be lost 
by re^emission (fluorescence). A second possibility is the loss of the energy of 
excitation by inelastic collisions with other molecules, involving conversion of 
energy of excitation into heat energy. The third and most important possibility 
is that the excited molecules on colliding with other molecules might utilize this 
excess energy as energy of activation in bringing about chemical reactions. Thus 
an activated hydrogen io<lide molecule (denoted by ’*') on colliding with a normal 
molecule might cause a reaction in which a molecule of hydrogen and one of 
iodine are produced. 

m + hp > HI* 

In this way it would be possible to explain the quantum yield of two which had 
been determined experimentally by Warburg, 

At the time it was put forward, this view had much to recommend it. Data 
were being contributed by physicists on the fate of excited atoms and the manner 
in which the loss of their energy by fluorescence could be quenched or lessened by the 
presence of inert gas molecules which by collisions could remove the energy. An 
extension of these considerations to photochemical reactions offered an attractive 
opportunity for explaining the decreases in quantum yields of gas reactions often 
observed to occur in the presence of increasing concentrations of foreign non- 
absorbing gases. Furthermore, at this time relatively little was known of the 
behavior of atoms or free radicals and their postulation as intermediates by 
Warburg appeared unnecessarily artificial. Warburg indeed gave as the criterion 
for the occurrence of dissociation in the primary process the stipulation that the 
quantum energy of the absorbed radiation must be larger than the heat of disso- 
ciation of the molecules, and recognized that the absorption of lesser quanta could 
lead only to the production of excited molecules. For these reasons, attention 
during the early 1920’s was predominantly devoted to the activate^ molecule 
theory of the primary process. Noddack®^ explained the lowering of the yield in 
tile reaction between chlorine and trichlorobromoniethane in carbon tetrachloride 
wdiich accompanies inci easing dilution by the solvent on the basis of this theory. 
The more frequent collisions of the activated molecules with indifferent carbon 
tetrachloride molecules deactivated them so that the photochemical reaction had 
less chance of c)ccurrinj> It was also pointed out by many that if an activated 
molecule did not collide with a molecule with which it might react within its life 
period (10“®-10 ® second)®® it would lose some of its energy by fluorescence; if, 
on the other hand, it collided with an indifferent molecule it could lose its energy 
in the collision. In a gas at normal pressures the loss of energy by fluorescence 
would not be expected to be important, this effect becoming pronounced only 
when the time interval betw^een collisions of the excited molecules w^ith the 
reactant molecules becomes comparable with the mean life of the excited state. 

Attempts were made to extend the theory of activated molecules to account for 
chain reactions, the assumption being made that such an excited molecule enters 
into reaction with a normal molecule and produces another excited molecule as 
one of the products in a manner analogous to that in which aUuus functioned in 
the chain theory of Nernst. It need only be said here that such energy chains 
have been shown to involve certain difficulties and that, in the main, there is 
rarely any necessity for assuming their occurrence in explaining photochemical 

fl«No4dacic, W., Z. Ekktrochem., 27, 3 5 9 (J921). 

Mukerji, B. K, and Dhar, N. R„ Z. Elekliochem , 31, 283 ri925). 
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processes* Elatx>rate attempts were also made to picture the change involved in 
activating molecules in terms of the orbits in which the valence electrons move."^^ 
Such attempts have been rendered unnecessary by developments of the theory of 
valence and of molecular energy states. 

Brief mention may be made at this point of an early theory of Weigert ” which 
assumed that at least two molecules of gaseous halogens participate in the absorption 
process, an electron being believed to be displaced from one to the other. The resultmg 
molecular complex acted as a nucleus at which subsequent reactions proceeded. This 
theory has not survived, although a vestige remains in the modern treatment of the 
photodiemical processes occurring in alkali-halide crystals. 

By 1924, Bowen/^ in comparing the mechanisms (dissociation versus excited 
molecule) of the primary process involved in the photochemical reactions by 
which the hydrogen halides are formed showed that the dissociation theory gives 
a quantitative explanation of all the experimental facts if due consideration is 
given to the heats of reaction and if it is assumed that a large evolution of heat 
favors a spontaneous reaction and that an endothermic secondary reaction does 
not proceed He pointed out that a clarification of the then conflicting points of 
view in regard to the nature of the primary process awaited a physical interpre- 
tation of the data of the band absorption spectra of gases. The most marked 
feature of the development during recent years has been the application of the 
theory of band spectra to the interpretation of the primary processes of photo- 
chemical reactions, l^or this reason the next chapter digresses to give a brief 
introduction to the theory of the origin of band spectra, after which it becomes 
possible in Chapter 14 to discuss the contributions which spectroscopy is able to 
make to an understanding of the nature of the primary process in photochemical 
reactions occurring in the gas phase. 

TOWaldbaucr, L., and Patton, I. J., J, Phys. Chem , 31, 1433 (1927). 

Weigert, F., Ann. Physik, 24, 243 (1907); Z. FJektrochem., 28, 456 (1922); Weigeit. F., and Kel- 
lermann, K., Z, physik. Ch^m., 107, 1 (1923); Weigert, F., Ibid., 102, 416 (1922); 106, 407 (1923). 
See, for objections, Kornfeld, G., Z. physik., 108, 118 (1924). 

TO Bowen, £. J., J. Chem. Soc., 125, 1233 (1924); Trans. Faraday Soc., 21. 543 (1925). 



Chapter 13 

Molecular Spectra and Their Relation to 
Photochemistry 


Early workers on the absorption or emission spectroscopy of molecules used 
spectroscopes of low resolving power and observed spectra characterized by more 
or less regularly recurring flutings or bands. These apparently continuous bands 
gave rise to the term '‘band spectra,’* really a misnomer since instruments of 
higher resolving power have long since revealed the fact that in many cases, the 
“bands** in the spectra of gaseous molecules are really composed of great nutnbers 
of finely spaced lines. 

Molecular spectra have been \cry actively investigated within the last two 
decades. The literature dealing with them is of vast proportions and is couched 
in a somewhat unfamiliar notation, unfortunately necessary because of the com- 
plexity of tlie interrelations bet\\^een the forms of motion characterizing molecular 
energy states, the transitions between whicli give rise to the many lines. In the 
study of the emission spectra of molecules much effort has been required merely 
to identify the molecule or molecular fragment giving rise to a given spectrum 
or arrangement of lines and bands under the experimental conditions of excitation. 
In many instances it lias been demonstrated that the spectrum must l>e attributed to 
the presence of molecules of a type unfamiliar to a chemist (BO, Hco, BaH, etc.). 

Early investigations were limited to the accurate measurements oi the wave- 
lengths of the many lines observed in the emission or absorption spectra of various 
substances produced under definite experimental conditions. Later phases of the 
work were concerned with the identification of the molecules responsible for these 
spectra, and, following this, with the classification of the lines into bands, of the 
bands into groups of bands, and of these groups into larger scries. Next came 
the representation of these observed facts by mathematical expre'^sions. Only in 
the past thirty years has it been possible to make physical interpretations of the 
relationships thus demonstrated. 

The study of molecular spectra has provided the chemist with a tool which 
has yielded data valuable in fields remote from that of photochemistry. The 
spectra provide information as to the sti'uctures, sizes and shapes of molecules, 
have led to the discovery of the isotopes of several elements and have furnished 
values for heats of dissociation, bond strengths, heat contents, entropies, specific 
heats, free energies, equilibrium constants and heats of activation in many cases 
more readily and more accurately than are secured by the older methods of ther- 
mochemistry.^ Progress in the application of the methods of wave mechanics to 
the interpretation of band spectra has been so rapid as to have led Kemble^ to 


iGiauQUf, W. F., and Wicbe, R., /. Am Chem, Soc., 50, 101, 2193 (1928); 52, 4808, 4816 (1930); 
53, 507 (1931); Godnev, I. N., Ibid., 58, 180 (1936); Kaasd, L. S., Phys. 43, 364 (1933); J. Am. 
Chem. Soc., 55, 1351 (1933); /. Chem. Physics, L 576 (1933); Zeise, H., Elektrochem., 39, 758 
(1933): Franck, T,, Ibid., 36, 581 (1930); Bryant, W., Ind. Eng. Chem, 25, 820 (1933); Rodebush, W., 
Chem. Rev., 9, 319 (1931); Kassel, L. S. Chem. Rev., 18, 277 (1936); Witmer, E., /. Am. Chem, 
Soc, 56, 2229 (1934). 

» Kemble, E. C, /. Frank. Inst., 206, 27 (1928). 
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express the hope that a few years we may understand the fundamental prin- 
ciples of molecule formation as definitely as we now understand the principles 
of dynamo design/* 

The complexities of spectra and the extensive mathematical equipment required 
for their interpretation make this a field for specialists. Fortunately, a detailed 
knowledge of this field is not essential to an understanding of much of the work 
in photochemistry. The discussion in this chapter is intended only to furnish the 
chemist not versed in spectroscopy with enough of the present viewpoint regard- 
ing molecular spectra to permit him to comprehend the manner in which the 
character of the spectrum within a given wave-length region shows whether the 
absorption has produced excited molecules or has led to a dissociation of the 
molecule into atoms or free radicals. The character of the molecular spectrum 
thus gives a clue to the nature of the primary process of absorption. For the 
most part, only the spectra of diatomic molecules will be considered, since these 
have been more completely interpreted than have the vastly more complicated 
spectra of polyatomic molecules. 

Representative of the band spectra of diatomic molecules is that of phosphorus 
nitride, a portion of which is reproduced in Figure 104. Each of the dark regions 
which fades out gradually from a sharp edge is known as a band. Some molecules 
produce spectra in which the fading from the edge of the bands to more and more 
widely separated and weaker lines extends toward the shorter wave-lengths. In 
the spectra of others the opposite is true. The bands are accordingly said to be 
degraded toward the violet or toward the red. 

The edges of the bands recur in a somewhat regular sequence and so form a 
band group. Furthermore, over wider spectral ranges, the various groups of 
bands may also follow in sequence to form a 'system of bands. The complete 
emission spectrum of a substance may under certain circumstances consist of 
several band systems. Cyanogen, for example, has one system between 4000 and 
SOOOA and another in the red. Different portions of the complete spectrum may 
he revealed by the use of different methods of excitatif)n. The complete spectrum 
of a diatomic molecule compf)sed of unlike atoms may extend from the far infrared 
to far in the ultraviolet. 

Deslandres,^ a pioneer in the empirical study of molecular spectra, demon- 
strated relations between the wave- numbers of the lines of a band and also between 
those of the heads of the bands of a group. As in the case of atomic spectra, 
progress in the interpretation of such relationships came only with the appplica- 
tion of the quantum theory. The wave-numbers of the individual lines depend 
upon the differences between energy states of the molecule. In discussing the 
possible energy levels of a molecule there must be considered certain molecular 
and intramolecular motions which were not encountered in the discussion of the 
energy levels of atomvS. The molecule may rotate as a whole about its center of 
gravity and the two atomic nuclei may vibrate with respect to each other along 
the line joining their centers. Each of these types of motion is quantized, only 
discrete rotational and vibrational energy levels being possible. In addition, as in 
atomic spectra, transitions between electronic energy levels must be considered. 

Even before the advent of the Bohr theory of the quantization of the electronic 
states of atoms, Bjerrum ^ suggested that transitions between various rotational 

» Dealancires, H., Compi, rend., 103, 375 C1S86); 104, 972 <1888); 134, 74 7 (1902); 138, 3 1 7 (1904): 
Ann, Chim. Phys., 15, 5 (1888); J. de phys., 10, 276 (1891). 

♦iHcrruin, N,, Nernst Festchrift, 90 (1912); cited in Baly, E, C. C., “Spectroscopy,** Vol. 3, 
il[x>ndon, Longmans Green, 1927. 
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Figure 105, Schematic Energy Level Diagram for Diatomic Molecule (Mulliken, Chemical Reviews), 
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sti^tes of the naolecule might account for the energy differences corresponding to 
the lines in the far infrared spectra of diatomic molecules. Schwarzschild ® 
employed a series of integral quantum numbers in an expression by which the 
quantized moment of momentum of the rotating molecule could be used in calcu- 
lating the wave-numbers of the various lines corresponding to shifts between 
rotational states. Heurlinger ^ introduced vibrational quantum numbers for 
dealing in a similar manner with the to-and-fro oscillations of the nuclei with 
respect to each other. Kratzer"^ developed the theory of the vibrations of an 
anhamionic oscillator in terms of the approximation that the motions of rotation 
and vibration do not mutually influence each other. He also employed selection 
principles analogous to those employed in atomic spectra for the restriction of the 
transitions which are permitted between various rotational and vibrational states. 

In general, then, three forms of energy contribute chiefly to the total 
energy of each state between which the line-producing transitions occur. The 
total energy may be represented by + /T vjj, -f The order in which these 

have been listed is that of decreasing magnitudes of the energy contributions. In 
more accurate expressions, the effects of interactions between the various forms 
of motion must be taken into account. In the energy level diagram of a molecule 
there is for each electronic state a series of more closely spaced vibrational states 
designated by successive quantum numbers, and for each vibrational level a series 
of still more closely spaced rotational levels, also designated by integral quantum 
numbers. (Figure 105.) 

The electronic state of lowest energy is termed the ground state ; the other 
electronic states are excited states, the excitation energies being of the same order 
of magnitude as those of excited atoms. The successive energy increments between 
the electronic states vary in different molecules from about 1 to 10 electron-volts, 
corresponding to 1 to 10 times 23 kcal. The lines produced by transitions 
between such levels will lie in the visible or ultraviolet regions of the spectrum. 
Usually tlie number of electronic levels of a molecule available for transitions to 
produce lines in the accessible portions of the ultraviolet is much smaller than 
in the case of atomic spectra. Electronic term series are ob.served only in excep- 
tional cases. The series limits corresponding to the ionization potentials of 
molecules are rarely encountered in the spectra most frcfjuently referred to in 
the following chapters. 

The separation of the vibrational levels is usually only 0.1 to 0.01 as great as 
that between the electronic levels (or about 1000 wave-numbers). The difference 
between rotational levels is very small, about 0.01 that between the vibrational 
levels, or from ten to 100 wave-numbers. Transitions l)etween terms in accord- 

ance with certain selection principles give rise to the spectral lines, the wave- 
numbers of which are readily obtained by subtraction of the values of the energy 
levels (terms) expressed as wave-numbers. In the most general case in the 
visible and ultraviolet regions, the lines are due to transitions in which the elec- 
tronic, vibrational and rotational energies each suffer change. For a given elec- 
tronic shift, there may be a diversity of simultaneous changes in the vibrational 
and rotational levels. This accounts for the great number of lines of molecular 
spectra. Transitions between two electronic levels give rise to a band system and 
those between other electronic levels to other band systems. Each band in the 

® Schwarzschild, K., Preuss. Akttd. Wiss,, Sitther.t 548 (IM5). 
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scries comprising a single band system arises from a shift in the vibrational 
quantum number superposed upon one and the same shift between electron levels. 
The many fine lines which make up the structure of each band are determined in 
analogous fashion by the possible rotational shifts which may accompany the elec- 
tronic and vibrational shifts which locate the position of the band edge. 

Spectra may be encountered in the production of which neither electronic nor 
vibrational transitions have occurred. Since in these the transitions are exclusively 
between rotational states, such spectra are called pure rotation spectra. Since the 
rotational states lie very close together, transitions between them involve the 
emission or absorption of but very small amounts of energy so that the corre- 
sponding rotational lines have very low frequencies and lie far in the infrared. 
In practice, these lines are observed only in absorption spectra and have been 
comparatively little studied because of experimental difficulties. During the 
production of such spectra the molecules are always in the ground electronic state. 

The frequencies in the near infrared region correspond to greater energy dif- 
ferences between terms, so that in their production certain transitions between the 
more widely separated vibrational levels are involved. Each such transition cor- 
responds to a band, and as previously stated, each line within the structure of a 
given band corresponds to a change in the rotational state as well as that vibra- 
tional change w'hich is concerned in the production of every line within that band 
These near infrared spectra originating in simultaneous vibrational and rotational 
transitions are known as rotation-vibration spectra. 

In the visible and ultraviolet regions electronic transitions are concerned and 
arc accompanied by simultaneous vibrational transitions each producing a band 
and by rotational transitions responsible for the lines composing each band. Thus, 
each line in such a band corresponds to the same electronic shift and to the same 
vibrational shift, but the vibrational shift is different in the case of each line of 
each of the other hands The origin of each band may be located by the frequencies 
corresponding to vibrational transitions between the zero rotational levels of suc- 
cessive vibrational levels, that is, the frequency is r = -f corresponding to 

^'rot 

In the production of near infrared absorption spectra, the limited energy in 
each absorbed quantum usually suffices to excite but a very few vibration levels 
so that but a few bands (one to three or four) can appear. But the number of 
bands in the visil)le or ultraviolet regions accompanying each electron shift may 
be much greater, the vibrational qiiantum numbers may reach ten or more, and 
the spectra arc accordingly much more complex. Molecules composed of two 
like atoms (H^, N2, etc.) exhibit no absorption in the infrared from lOOju to Ifi 
and lack pure rotation and rotation- vibration spectra. Thib does not mean that 
such molecules lack rotational or vibrational energy but indicates only that these 
symmetrical molecules lack the electrical moments whose existence is a prerequisite 
for interaction with electromagnetic radiations. When an electronic excitation 
has been brought about in such a symmetrical molecule, the resultant electronic 
structure is such as to make the molecule an electrical dipole capable of inter- 
acting with electromagnetic waves. For this reason the type of information 
yielded for heteropolar molecules by infrared rotation-vibration spectra can be 
obtained in the case of homopolar molecules only in the visible or ultraviolet 
regions. Even then, the spectra of these bands will be due to the transitions 
between rotational and vibrational states of the electronically excited molecules 
rather than that of the molecules in the ground electronic state. Information 
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mgardhig the vibrational and rotational levels of homopolar molecules may, 
however, be derived from studies of the Raman spectra to which brief reference 
is made in another section. 

In general, the far infrared spectrum yields information about the rotational 
levels in the ground or electronically unexcited state of heteropolar molecules, and 
the near infrared region does the same for both the rotational and the vibrational 
levels. Similar information regarding the vibrational levels of electronically 
excited molecules is obtained from the series arrangement of the visible and ultra- 
violet bapds; fine structure studies of the individual bands in these regions give 
information about the rotational term separations. To obtain similar data for the 
ground state it would be necessary to utilize the experimentally more difficultly 
accessible infrared spectra, or else to use the newer Raman spectra. 

Pure Rotation Banos and the Informaiion They Yield 

Spectra resulting from transitioxis between purely rotational states lie in the 
far infrared from 50;* to 200;*. Those of diatomic molecules consist of a series 
of equidistant lines, the separation of which yields valuable information regarding 
the molecular dimensions* 

In a diatomic moiecide rotating as a whole about an axis through its center of 
gravity, one of the three possibilities for rotation has a zero moment of inertia 
and the other two are equal. There is accordingly only one series of rotational 
quantized energy states which needs to be considered. The energies of the states 
are determined by the integral quantum numbers and by the moment of inertia 
of the molecule. This latter in turn is dependent upon the masses of the atoms 
composing the molecule and their separation. It is thus evident that, since the 
masses m the atoms are known, measurement of the energie^s of the various 
rot^t|on|d states should furnish important information in regard to tlie sizes of 
the motecules. The manner in which this may be done lies beyond the scope of 
this book. This topic is mentioned merely to indicate the nature of the informa- 
tion it is possible to derive from band spectra. 

The wave-number of a rolalioiial state is given by m{m + 1) in which m may be 

SttT 

zero or an integer and I is the moment of inertia. A selection rule states that the 

? [uantum number m may cliange by only one in a transition producing a line. There- 
ore, the wave-number of a line in this spectrum is given by the difference between two 
such terms, one having an m value one greater than the other. The expression for a 

given line reduces to v — m. The wave-number separation of a series of such lines 

47r"/ 

corresponding to successive integral values of m thus permits of a calculation of I, the 
moment of inertia of the molecule. From the moment of inertia and the masses of tlie 
atoms, it is then possible to calculate the radius of the separation of the atomic nuclei. 
In exact work, a slight correction is required for a change in I due to centrifugal force 
in the higher rotational states. 

The Vibration-Rotation Bands 

Absorption of a larger near infrared quantum produces a transition between 
vibrational states and is responsible for the production of a band. The correspond- 
ing wave-length, if there were no accompanying rotation, would locate the posi- 
tion of the band and would be called the zero line. Actually the absorption spectra 
of diatomic molecules fail to show this line since a selection principle requires 
that there be a rotational shift accompanying each vibrational transition. As 
pttjvicmsly stated, the series of lines composing the band is caused by a series of 
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siiwiultaneous rotational transitions. The expression for the freqnency of each 
of thO lines of a band is given by 

h 

y — ro 4 m 

4ir*i 

in which vo locates the origin of the band and the second term accounts for the 
effect of the rotational transition. As the rotational quantum number may either 
increase or decrease by one, the lines corresponding to transitions from each 
initial rotational state will be located on each side of vo- The impression given 
by the band as a whole is that of two bands each composed of a number of sharp 
lines, the separation of which is similar to that of the lines of a pure rotation 
spectrum. The separation of the lines composing a band gives evidence regarding 
the rotational quanta and, as has been shown in the case of pure rotation spectra, 
from these much can be learned of the size and shape of the absorbing molecules. 

The lines composing a band may be classified into two groups or branches. 
One series occurring on the long-wave side of the origin has the second term 
negative in the expression just discussed and is called the negative or P branch. 
A series in which m is positive occurs on the short-wave side of the origin and 
is called the positive or R branch. Transitions in which m does not change 
would give rise to a third branch called the zero or Q branch. Since they would 
violate the selection principle, the Q branch is usually lacking in the rotation- 
vibration spectra of the diatomic molecules, but is encountered in the spectra of 
polyatomic molecules as well as generally in electronic band spectra. 

In the earlier attempts to interpret the successive bands in a vibration- rotation 
spectrum, the diatomic molecule was treated as an harmonic oscillator the vibra- 
tional states of which were quantized. The energy in a given state was denoted 
by = neglecting the contribution due to rotation. The necessity 

for the use of Yi was found empirically, but has since been justified on theoretical 
grounds which cannot be here discussed, w is the fundamental frequency of vibra- 
tion of the nuclei and if is a quantum number which may be zero Or an integer. 
Wlien V is zero (the so-called vibrationless state) the molecule still possesses the 
vibrational energy Successive integral values of v then give the succes- 

sive vibrational states and transitions between these the zero lines of successive 
bands. To obtain the structure of the band use must be made of the more com- 
plete expression containing the rotational contribution to the energy state. From 
this theory but one infrared band would be expected. Its zero line is given by the 
fundamental frequency and its structure by the rotational effects. No matter 
whether the vibrational transition Ls from = 0 to = l or from = 3 to 7^ = 4, the 
zero line might be expected to be in the same position. (If the electronic struc- 
ture of the molecule be altered as in the case of band spectra in the visible and 
ultraviolet regions, the fundamental frequency is, however, altered.) Actually, 
however, the diatomic molecule is not a true harmonic oscillator; the binding 
l)etween the atoms is not elastic since the attractive force between them does not 
increase to infinity as they are more and more widely separated. 

In the harmonic oscillator the restoring force K per cm. displacement r of the 
atoms from their equilibrium separation is proportional to this displacement. 

The true frequency is related to a ]»y the expression 

Frequency = vr = 
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in which c i$ the velocity of light, v the wave-number of the fundamental frequency 
and M “reduced mass” of the molecule, by which is meant the product of the 
masses of the two atoms divided by their sum. In tlie case of the non-harmonic 
oscillator, it is necessary to employ a power series in writing the binding force 
between the atoms, 

. . . 

This means that higher powers, at least the second, of the vibrational quantum 
niwnber must be employed in expressing the vibrational term wave-numbers. 

P =: (zf + ~ 

Hete X is a factor for the anharmonicity of the binding and determined by the 
cofficients in the power series written above. The differences between successive 
terms responsible for the origin of the bands are thus equal to (o — 2xiii{v + 1). 
This makes it evident that several bands corresponding to different values of n 
may appear in a system. From this relation it appears that the separation of the 
successive bands of a system tends to decrease as the quantum number attains high 
values. Actually only a few bands are usually encountered in the near infrared 
Spectra. 

In polyatomic molecules,® there may be several modes of vibration, including 
deformation vibrations in non-linear molecules. The resultant band spectra pro- 
duced as a result of the interplay of these various forms of motion may be quite 
complex. The near infrared spectrum of ammonia, for example, contains 13 
baqds. In each series of bands those involving transitions between states of higher 
quantum numbers decrease rapidly in intensity, so that those capable of yielding 
accurate measurements are relatively few. 

Rattiltti Spectra. Much of the information regarding the vibration fre- 
quencies of various linkxiges can be more readily obtained by observations of their 
effects upon the scattering of visible and ultraviolet monochromatic radiations: 
in 1928, Raman® observed that the ordinary radiation scattered by molecules in 
dust-free liquids or gases contains, besides the radiation of the same wave-length 
as the incident light, still other wave-lengths, usually of lower frequencies, together 
with some lines of lower intensity but of higher frequencies The wave-numbers 
corresponding to the shifts of the frequency of the new lines in the scattered 
radiation from the frequency of the incident radiation are in general related to 
the frequencies of infrared bands. The importance of this new tool led to a 
large number of investigations of a wide variety of substances, solids, liquids, gases 
and solutions. The information secured with Raman spectra on the structure of 
organic molecules has been reviewed by Dadieu and Kohlrausch.^® 

The discussion of the physical aspects of the Raman effect lies beyond the 
scope of this work. Its value consists in part in the fact that it permits a deter- 
mination of frequencies of vibration of molecules in their ground states and in 
part in that it is also applicable to homopolar molecules. 

Electronic Band Spectra 

Electronic excitation is the chief alteration produced in a molecule by the 

•♦Sec ViUars, D. S., Chetn, Rev., 11, 369 (1932); Dennison, D. M., Rev. Modern Physics, 3, 
280 (1931). 

Raman, C. V., anti Krishnan, K. S., Nntnre, 121, 501, 619 (1928); Indian /. Physics, 2. 

387 (1928); 6, 363 (1931); I'rans, Faraday Soc., 2$, 781 (1929). The effect was independently 

discovered by Landfebergr and Mandelhtam, Naturunss., 16, 557 (1928). 

^©Dadieti, A., and Kohlraxisch, K W, F , Ber., 63B, 251 (1930); translation by llollaender. A., 

f, Opt.Soc. Am., 21, 286 (1931). Hibben, J. H., *‘Thc Raman Effect and Its Chemical Applications.” 

fveiniicld Publishing Corp., New York, 1939. 
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absorption of visible or ultraviolet radiations. The early development of the theory 
was due to Heurlinger, to Lenz and to KratJfer.^^ 

All lines accompanying: a sing-le given electronic transition belong to the same 
band system. The various bands within the system are ascribed to the accom- 
panying vibrational transitions and the lines within the bands to the rotational 
shifts. Although but a few bands of the ground electronic state can be observed 
in infrared spectra, in the visible and ultraviolet band spectra a larger number of 
bands corresponding to quantum numbers as high as ten or twenty may be 
observed. In some cases it is possible to follow the asymptotic convergence of 

the successive bands toward a limit. This implies the gradual disappearance of 

the binding force between the atoms on increased separation during vibrations. 

The considerations relating the various bands (taken from their zero lines) 
to each other are similar to those in the case of the infrared vibration^rotation 
spectra, and similarly, the structure of each band is analogous to that of the 
infrared band, a Q branch being also usually present. The close packing of the 
lines near the head of a band often makes it very difficult to disentangle the band 
structure. During the electronic shift there is a change in the structure of the 
molecule which involves a change in its moment of inertia. 

Each line is given by an expression whicJi involves a term for the contribution 
due to the electron shift, otjc for the vibration shift (together with a second power 
correcting term for the anharmonicity of the oscillator) and a term for the rotational 
shift together with a second power term introduced because of the change of the 
moment of inertia during the electronic shift. The structure of the band is thus given 
by V 4- bm =*“ cm* in which b is approximately the I referring to the lower 

electronic state. The constant c (about 0 Ih) may be positive or negative and corrects 

for the change in the moment of inertia. When negative, as m increases, it yields the 

R branch. As cm^ grows faster than Inn, the lines crowd together. At some value of 
m, cm‘ exceeds bm (the head of the ban^ so that with larger values of m there results 
a decreasing series with increasing spacings of the lines. The position of the head of 
the band depends on the ratio of b to c. When c is negative, the head <>ccurs cn the 
high frequency side of the origin. Negative values of m yield the P branch; these 
lines will gradually decrease in frequency and have greater separation as m increases. 
The intensities of the lines decrease and the band shades off on the lower frequency side 
The Q branch lies between the R and P branches. 

The complete interpretation of the band spectrum of a compound is a matter 
of great difficulty largely because of the great number of energy states which may 
be possessed by a molecule. Even the classification of the lines into the bands, 
series of bands, and electronic band systems is rendered very difficult because of 
overlapping of the various structural units and because the electronic energy 
states, like those of atomic spectra, exhibit multiplicity. The early development 
of the theory was based upon a formal analogy between line and band spectra, 
the electronic terms of each involving various quantum numbers ; similar selection 
principles were used. The systematization of the relations between the electronic 
structures of diatomic molecules and the nature of their band spectra is due in 
large part to Mullikcn,^^ who proposed a notation for designating the state of 
each electron and of the molecule as a wholc.^*’^ 

Lenz, W., Verb, deutsch. Phys. Gcs., 21, 632 (1919). 

^Kratzer, A., Ann. Phys., 67, 127 (1922); 71, 72 (1923). 

i*Mecke, R.. Physik, Z.. 26, 217 (3925), Z. Physik, 28, 261 (1924): 32, 82 3 (192 5); 31, 709 
(1925); 36. 795 (1926); Natunviss.. 13, 698 (1925), Hund, F., Z. Physik, 36. 657 (1926); 51, 759 
(1928); Biw, R. T., Natnre, 117, 300 (1926), 

'♦Mulliken, R. S., Proc. Nat. Acad. Sci., 12, 144, 151 (1926); Phys. Hcv., 29, 391, 921 (1927); 
30, 138, ISO, 175, 785 (1927); 32, 186, 761 (1928); 33, 730 (1929). 

^ Other important contributions were made by Birge, R. T., Phys. Rev., 27, 245 ( 3 926); Kemble. 
E. C., Z. Physik, 35, 286 (1925); Proc, Nat. Acad. Sa., 10, 274 (1924)* Phys. Retu, 2$, 1 (1925); 
Kratacr. A., Z. Physik, 33, 144 (1925). The subject is one for a specialist. 
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In analogy with the S, P, D, * , . terms for atoms there are recognized 
S# II» A terms for molecules* These Correspond to the successive valup of a 
quantum number A (0, 1, 2). While in the atom, the orbital number L gives the 
resultant orbital angular momentum of all the electrons, in the molecule the 
presence of the two nuclei introduces certain complications. But, since the 
intemuclear line is still an axis of symmetry, the component of the orbital an^lar 
momentum along this line remains a constant, which may be measured in units of 
k/2rr* As in the case of the atom, the resultant spin angular momentum of all 
electrons serves as another quantum number S. Dependent upon its value 
(0, 1 . . .) there may be singlet, doublet, triplet states of the molecule. The 

multiplicity is given by 2S 4- 1 and is denoted in writing a term by an upper 
left-hand index before the term symbol, which is derived from the value of 
The represents a state with A = 0, S = a term a state with A= I, S = 0, 
and a term a state with A==2, S = l. As with atoms, S is integral or half- 
integral depending on whether the total number of electrons in the molecule is 
even or odd. The multiplicity is even for uneven electron numbers and uneven 
for even electrons. Other features of term designations may be found in specialized 
treatises. 

It is unnecessary to discuss here the various selection principles which have 
been given to account for the relative frequencies of the transitions between 
various molecular energy states. Much is known in regard to the lives of the 
excited states, but the methods by which these may be calculated by means of 
the Schrodinger equations are primarily of interest to the specialist. For electron 
transitions in the wave-number range 10^-10® the excited states have a life 

of about 10"® second. For transitions in vibration frequencies in the range of 
10^-10^ cm.“^ the life of the excited states is of the order of O.Ol second. The lives 
of rotational states may be even longer. 

Account must also be taken of the existence of the spins of the nuclei, infor- 
mation about which is yielded by studies of the alternating intensities of the lines 
in a band of a homopolar molecule.^® If the two spins oppose each other, the 
molecule is called symmetrical and if they are in the same direction, it is called 
antisymmetrical. Wave mechanics indicates the probability of the existence of 
antisymmetrical hydrogen to be three times that of symmetrical hydrogen. Ordi- 
nary hydrogen behaves as a mixture of two gases. The discovery of the existence 
of this mixture was a spectacular outcome of the work on band spectra. At very 
low temperatures all of the hydrogen is in the symmetrical form. Bonhoeffer and 
Harteck have found charcoal to act as a catalyst for the conversion of one form 
to the other. The two forms have different specific heats and the change in the 
proportion of the two effected in the presence of the catalyst can be demonstrated 
by a change in the heat conductance. The antisymmetrical form has been denoted 
ortho- and the symmetrical form as para-hydrogen. In hydrogen at room tem- 
peratures, there is three times as much ortho- as para-hydrogen. The existence 
of these two forms of hydrogen was predicted by Heisenberg and by Hund.^® 
Bonhoeffer and Harteck later made detailed studies of the physical properties of 
the two forms.^® Adsorption on charcoal at liquid air temperatures gives prac- 
tically pure para-hydrogen. 

s^Mtillikcn, R. S,, Trans. Faraday Sac., 25, 634 (1929). 

M Heisenberg, W., Z. Physik, 41, 239 (1927). 

F., Z. Physik, 42, 93 (1928); sec also Dennison, D. M., Proc. Ray. Soc., U5, 483 (1927). 

il^Bonhceflfer, K. F,, and Hartec^ P., Naturtviss., 17, 182, 321 (3929); Z. physik. Chem., 4B, 113 
"4192^; 5B, 292 (1929); see also Etjcken, A,, and Hiller, K., Ibid., 4B, 142 (\929), 
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Isotopes in Band Spectra. Since different isotopes of an element have 
different masses, the momenta of inertia of molecules containing different isotopes 
should be different. As a result, the bands in the visible or ultraviolet due to 
molecules some of which have one and others another isotope will be charactedxed 
by a duplication of the lines. The bands themselves are also split and superposed. 

The existence of isotopes of carbon (13), nitrogen (15), oxygen (17) and of 
certain other elements were predicted from the data of spectroscopy before they 
were found by the use of the mass spectrograph of Aston. The oxygen isotope 
(18) was detected in this manner by Giauque and Johnston in 1929. In the 
electronic band spectra of isotope mixtures, there is a splitting of the zero posi- 
tion of the bands due to an electronic shift between ^Vibrationless^^ states. Its 
existence implies that the '^non-vibrating’* molecule is actually in vibration since 
two isotopic molecules in this state are energetically different. The occurrence 
of this phenomenon makes certain the existence of a ‘Vero-point” energy of vibra- 
tion and accounts for the use of (t' 4 J4) in the succession of vibrational (terms 
used in the formulas for the zero Hues of bands. 

Attempts have been made to eifect a separation of isotopes by photochemical 
means. Kuhn and Martin irradiated phosgene with monochromatic light 
(2816. 179A) obtained from an aluminum arc by the use of filters, and found that 
the liberated chlorine showed a slight excess of Zuber effected a partial 

separation of the isotopes of mercury by photuoxidation by the aid of a filter which 
transmitted only the hyp<‘rfiiie components of a spectral line capable of exciting 
only certain isotopes. 

This brief review of the nature and structure of molecular spectra is intended 
only to serve as an indication of their importance in yielding data of fundamental 
significance to many branches of chemistry. In the detailed discussion of photo- 
chemical reactions in the remainder of the book we shall be concerned with 
molecular spectra only in so far as they yield information regarding the stability 
of a photochemically reacting molecule. When by the absorption of energy a mole- 
cule is raised to successively higher and higher vibrational states, it may be made to 
dissociate w^hen the rcfiuisite amount of energy has been absorbed. Usually, how^- 
ever, for a vibrational state producing dissociation to be obtained by a molecule 
absorbing in its ground state, quanta great enough to produce an electronic transi- 
tion arc required. The electron shift alters the binding of the atoms in such a 
manner that the excited molecule upon the simultaneous acquisition of the 
requisite amount of energy may he raised to a vibrational stale which leads to its 
dissociation. This is the most frequently occurring primary process in photo- 
chemical reactions. The applications of band spectral data to the interpretation 
of photochemical processes will be considered in more detail in the following 
chapter. 

The following are sources of information on band spectra for readers desirous 
of obtaining a more thorough discussion, including the mathematical treatment, 
of band spectra. 

Books 

Kemble, E. C., Birge, R. T., Colby, W. F., Loomis, F. W,, and Page, L, Report of 
the Committee on Radiation in Cases of the National Research Council 11, Pt. 3. 1 
(1926). 

Jevons, W., “Report on Band Spectra of Diatomic Molecules,” Cambridge Univer- 
sity Press, 1933. 

s*Ktihn, W., and Maitin, H, Naiur^vtss , 20, 772 (1932); Z. physik Ckcm, 21B, 93 (1933). 

"Ztiber, K, Nature, 130, 796 (193S); Hetv. JPhys. Acta, 9, 285 (1936). 
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Kronig, R* DeL., '‘Band Spectra and Molecular Spectra/* The Macmillan Company, 
New York, 193X. 

Rttark, A. E,, and Urey, H. C., ''Atoms, Molecules and Quanta/^ McGraw-Hill Book 
Company, Inc., New York, 1930. 

Sommerfeld, A., "Atomic Structure and Spectral Lines,” translation by H. Brose, 
E. P. Dutton and Company, Inc., New York, 1933. 

Baly, E. C C., "Spectroscopy,” III, Chapter IV, Longmans, Green and Co,, London, 
1924. 

Griffith, R. O., and McKeown, A., “Photo Processes in Gaseous and Liquid Sys- 
tems,” Longmans, Green and Co., London, 1929 . 

Sponer, H., “Molekiil Spektren und Ihre Anwendung auf Chemische Probleme,” 
2 vols,, J, Springer, Berlin, 1935-6. 

Herzberg, G., “Molecular Spectra and Molecular Structure,” Prentice-Hall, Inc., 
New York, 1939. 

Review Articles 

Mulliken, R. S., Chem, Rev., 6, 503 (1929) ; Rczk Modem Physics, 4, 1 (1932). 

Rabinowitsch, E., Z. Elektrochem., 37, 91 (1931) ; 38, 370 (1932). 

Villars, D. S., Chem. Rev., 11, 369 (1932). 

Plund, F., 2. Elektrochem., 36, 596 (1930); Physikal Z., 28, 779 (1927). 
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Johnson, R. C., Set. Progress, 22, 231 (1927). 
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Chapter 14 

Spectroscopic Evidence for Dissociation as the 
Primary Photochemical Process 

It is now necessary to consider the manner in which the stability of a molecule 
sets a limit to the amount of vibrational energy which it can absorb and still 
remain a molecule. The guiding principle is that a molecule either in the ground 
state or, as is more commonly the case, in one of its electronically excited states, 
cannot absorb more vibrational energy than corresponds to its work of dissocia- 
tion without falling apart into atoms or, if it is a polyatomic molecule, into atoms 
and free radicals, or two free radicals. 

The present viewpoint may be said to have taken its origin from the work of 
Franck on the dissociation of molecules by electron impact. Blackett and Franck^ 
found experimentally that a hydrogen molecule can be decomposed by one col- 
lision, a continuous spectrum appearing at the same time. They suggested that 
the first effect of the collision is to raise an electron suddenly to a higher level. 
In this new configuration there is a large repulsion between the nuclei great 
enough to split the molecule into a normal atom and an excited one, both atoms 
having high velocity. Franck 2 extended the concepts derived from these experi- 
ments to an interpretation of photochemical dissociation. In this case the excita- 
tion of the molecule and its resultant dissociation are produced, not by a collision 
with a rapidly moving electron, but the absorption of a quantum hv equal to 
or greater than the work of dissociation of the molecule. If the separation of the 
atoms during a vibration becomes great enough to overcome the binding force 
between the nuclei, the attuns may fall apart. It was, however, well known that 
quantities of energy larger than the work of dissociation may be absorbed by 
molecules without destroying them. Franck explained this by showing that in 
.such cases not all of the absorbed energy is available as vibrational energy. Instead, 
a large part of the absorbed energy is consumed in raising the electron system to 
a higher quantum state, the remaining energy being available only for changing 
the vibrational and rotational states. Since the rotational quantum is but small, 
the effects of a change in rotational energy may be neglected. The problem may 
thus be reduced to that of the stability of the molecule in its various electronically 
excited states with respect to vibrational energ>^ Franck prepared potential 
energy diagrams in which the potential energies of the vibrating atom.s are 
plotted as ordinates against the separation of the atoms as abscissae. Before 
considering these curves and their relation to spectroscopy, it may be simpler to 
consider the manner in which molecular spectra indicate the occurrence of 
dissociation. 

Interpretations of Continitox^s Regions in Spectra 

In Chapter 2, it was stated that in atomic spectra the lines of a series converge 
to a limit. On the short-wave side of this limit the spectrum is continuous. This 

1 Blackett, P. M. S., and Franck, J., Z. Physik, 34. 389 (1925). 

® Franck, J., Trans, Faraday Soc,, 21, 536 (1926). 
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was interpreted as mdicating the separation of an electron from an atom, the 
latter thereby becoming: an ion. The absorption is continuous rather than discrete 
because the motion of the electron on leaving the atom is not quantized. The 
velocities with which the electrons are ejected from the various atoms present in 
the absorbing gas vary continuously and are not limited to definite values. Non- 
quantized energy levels correspond to non-periodic movements. During the proc- 
ess of ionization the electron changes its motion from a periodic one in an orbit 
to a non-periodic one in the hyperbolic path which carries it away from the ion. 
When at a sufficient distance from the ion the electron moves in practically a 
straight line. It may have any kinetic energy depending upon the amount by 
which the particular wave-length absorbed exceeded in energy the amount 
required for the ionization. Since in the light producing the ionization there may 
be present quanta varying almost continuously in magnitude, atoms absorbing 
any quantum, A, more than sufficient to produce ionization, will give kinetic 
energy to the electrons and the ions corresponding to the excess energy. But 
atoms ionized by quanta corresponding to a wave-length infinitesimally near to 
that corresponding to A will produce electrons having an infinitesimally greater 
kinetic energy. Thus when a wave-length band of energy greater than that 
required to produce ionization is absorbed, the electrons produced will be endowed 
with continuously varying kinetic energies. Thus it is that in atomic line spectra 
a continuous region beginning at the convergence limit of a series marks the 
frequency which corresponds to the work of ionization. 

A similar ionization of a diatomic molecule can occur but is raiely of photo- 
chemical significance. Before ionization of the molecule could be attained, the 
energies required would be usually more than sufficient to break the molecule 
into atoms. The effect of dissociation upon the appearance of the spectrum is, 
however, similar to that of ionization. 

Before dissociation, the atoms of a molecule are vibrating to and fro on the 
line joining their nuclei. With increasing increments of vibrational energy they 
are sepaiFated more and more widely at each oscillation. When the separation 
becomes great enough the restoring force between the atoms becomes reduced to 
zero, the vibratory motion betw^een the atoms ceases, and the atoms become separated. 
Since the kinetic energies with which the atoms move are not qiuintized, the 
absorption spectrum becomes continuous at wave-lengths shorter than that which 
corresponds energetically to dissociation. It must be noted that the molecule 
which dissociates rarely is in its ground electionic state. Therefore, the energy 
of dissociation need not be expected to coincide wdth that required for thermal 
dissociation. The wave-length at which the spectrum becomes continuous repre- 
sents the convergence limit of a scries of vibrational states of the dissociating 
molecule in the clectrpnic state from wdiich dissociation occurs. Dymoncl ^ found 
a continuous range in the absorption spectrum of iodine vapor. Bonhoeffer and 
Steiner,^ as well as Tingey and Gerke ® reported a continuous region in the 
absorption spectrum of hydriodic acid.^ 

Corroboratory evidence for the theory that a region of continuous absorption 
implies dissociation was soon forthcoming from measurements of the fluorescence 
of vapors at low pressures. It was stated in Chapter 12 that when the pressure 
is low, so that collisions are rare, excited molecules re-emit their excitation energy 

«0ymond, E. G.. Z. Physik, 34, 553 (1925). 

^Bonkoeffer, K. F., and Steiner, W„ Z. phystk, Chern,, 122, 287 (1926). 

* Tingey, H. C., and Gerke, R, H., J. Atn, Chem, Soc„ 48, 1838 (1926). 

*S«e also Leiison, S. W., Astrapkys. 43, 73 (1926). for other gases. 
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as ataoresceace after a period of about 10-8 second. Dymond,^ observed this 
aiiorescencc in iodine vapor excited by the absorption of long wave-lengths. But 
when the absorbed light had only wave-lengths less than al)Out 5000 A» the region 
in which continuous absorption begins, this fluorescence could no longer be 
observed, an indication that the molecules were no longer present and so could 
not reemit their energy of excitation. Similar observations were reported by Bon- 
hoeffer and Farkas.® The fluorescence test for dissociation is limited to very low 
pressures of gas or vapor, since when the pressure is high deactivating collisions 
become frequent and might remove the excitation energy and so extinguish 
fluorescence even though dibsociation by direct absorption did not occur. Errors 
due to the emission of radiation as a result of the recombination of atoms to form 
molecules rarely arise, since, as has been noted in Chapter 13, free atoms rarely 
combine to form molecules with the emission of their excess energy.^ 

Other types of experimental evidence have been advanced to support the 
theory of direct dissociation. One method employs identification of the resulting 
free atoms by their characteristic absorption lines. Iodine atoms absorb the 
1830,4A line strongly, but iodine molecules do not. Turner found that iodine 
vapor when irradiated by a carbon arc shows an increased absorption of this 
line, indicating the presence of iodine atoms. Senftlcben demonstrated that 
excited mercury atoms can dissociate hydrogen. The dissociation was measured 
by change in the heat conductivity of the gas by a method dependent upon a change 
in resistance of a wire kept in the gas. With Germer, he extended the method to 
show the direct dissociation of ihe halogens on irradiation. That the energy 
absorbed in excess of that required for dissociation appears as kinetic energy of 
the atoms was demonstrated by Hogness and Franck'*^ for the case of sodium 
iodide vapor at 650*^0. The dissociation yields a normal iodine atom and an 
excited sodium atom, the latter spontaneously emitting the sodium D line. The 
Dofipler effect (shift in wave-length of the light from a moving source) was 
utilized to secure information as to the kinetic energy of the sodiun* atom when 
produced by the dissociation of the sodium iodide vapor by various wave-lengths 
within the region of continuous absorption. The Doppler effect was measured 
by the relative transmission of the emitted light by a layer of sodium vapor, 
which can only absorb the D line ^Mien the dissociation was effected by a silver 
arc giving effective intense radiation only in the neighborhood of 2450A, 80 per 
cent of the emitted light was absorbed by sodium vapor. When the dissociating 
source was a cadmium arc emitting shorter wave-lengths (capable of giving 
more kinetic energy to the dissociated atoms), only 76 per cent of the emitted 
light was absorbed by the sodium vapor. With the still shorter radiations of a 
zinc arc (21 39-2026 A), the Doppler effect was increased to such an extent that 
but SO per cent of the emitted light was absorbed. In this way it could be shown 
that the kinetic energy of the liberated atoms increases as the frequency of the 
irradiating light is increased beyond a limit corresponding to 2450A. 

Polyatomic molecules, as water, methanol and methyl cyanide, when decom- 
posed by radiations within the Schumann region give rise to excited free radicals, 
such as OH and CH, ^^hich spontaneously emit characteristic bands.^® gtill 

Dymond, E C?., lot. cit. 

»Bcmhoeffer, K. F., and Faikas, L.. Z. pkysik. Chern,, 132, 235 (1928). 

*Kondratjew, V,. and Lei'punsku, A., Pkysik^ 50, .366 (1928); 56, 353 (1929); Trans. Paraday 
See., 25, 736 (1929). 

10 Sctifllehen, H., /. PhysiK 32, 922 (1925). 

Hogne.ss, T, R., and Franck, J , Z, Physik, 44, 26 (1927). 

wTcrenin, A., and Neutoin, H., Namrs, 134, 25 5 (1934). 
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other lines of direct evidence for the liberation of free atoms and free radicals, 
such as the conversion of para-hydrogen to ortho-hydrogen, and the effects of 
free radicals on metallic films, have been advanced. There is now general agree- 
ment that photodissociation in a single act of absorption may occur as a result 
of a primary absorption process. In the case of the reactions of gases which con- 
tain a small number of atoms, the nature of the absorption curve of the gas affords 
a reliable criterion for the occurrence of dissociation. When the absorption lies 
within a continuous region, the result is dissociation. In the case of very complex 
gaseous mClecules containing more than about six atoms, the evidence from 
spectroscopy is less definite, since the banded region is not well marked in their 
spectra. In reactions conducted in solution, absorption curves afford little or no 
evidence regarding the nature of the primary process. (See Chapter 20.) 

Franck’s Potential Energy Curves 

In his Faraday Society paper, Franck visualized the distinction between the 
dissociation of excited states of molecules and their stability in the ground state 
by the aid of the potential energy diagrams reproduced in Figure 106, In each 





Figure 106, Potential Energy Diagrams of Franck (Transactions of the 

Faraday Society), 

of the three diagrams, the lower curve applies to the ground state of a molecule 
and the upper curve or curves to various electronically excited states. The 
differences between the upper and lower curves are intended to illustrate the 
manner in which the change in electron configuration alters the stability of the 
molecules. To understand the nature of a single one of these curves, it is simplest 
to consider first the discussion of the meaning of the curves as described by 
Rabinowitsch in a paper on the interpretation of band spectra.^® 

It was stated in Chapter 13 that for the pure harmonic oscillator, 

This means that the restoring force during an harmonic oscillation is proportional 
to the displacement z on either side of an equilibrium separation of the atoms of a 
diatomic molecule. Integration yields the potential energy: 



Af Rabinowitsch, E?, Z, Elektrochem, 37, 91, 370 (1931). 
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This is the equation of a parabola (Figure 107) with its two branches meeting 
at a =5 0^ the equilibrium distance between the nuclei, being measured from the 
origin. During a vibration from the point of greatest separation of the atoms, 
the potential energy follows tlie course of the curve. When the atoms are far 
apart the attractive forces of valence require that there be a great potential energy. 
As they move toward each other, this becomes transformed into kinetic energy. 
At the equilibrium point the potential energy is zero, all the energy being kinetic. 
As the kinetic energy carries the atoms closer together, the energy again becomes 
potential because the repulsive forces of the nuclei tend to keep the atoms from 
coming together. The position of equilibrium (determined as described in the 
previous chapter from rotational term separations) depends upon the relative 
magnitudes of the attractive and repulsive forces of the atoms. If the molecule 
possesses energy denoted by A on the ordinate, a line parallel to the abscissa 


FlGUKt 107. 

Potential Curve and Vibrational 
Terms for Harmonic Vibrator (Ra- 
binowitsch, Z. Electrochemie) , 

Z ^ Elongation 
r = nuclear separation 



drawn through A would cut the curve in two places. These determine the dis- 
tances between the atoms at the extremes of its vibrations when it possesses this 
amount of potential energy. At these distances from the equilibrium position 
the total energy of the molecule is potential; there is no kinetic energy. The 
atoms, changing their directions, are momentarily at rest with respect to each 
other. At any other distance between the atoms, as for example, at A\ part of the 
energy is potential and part kinetic. By dropping a perpendicular from this point 
to the abscissa, it is evident that the relative fraction which is potential is given by 
the ratio BP:BA\ Since the vibrational states of the molecule are quantized, the 
potential energies of the molecule in its permitted states are obtained by drawing 
a series of equally spaced lines parallel to the abscissa. The extremes of separation 
of the atoms in each of these vibrational states are given by the points at which 
each of these lines cuts the curve. The equal spacing of the lines corresponds to 
successive integral quantum numbers. 

It is to be especially noted that the first of these, the so-called “vibrationless 
state"' is so drawn as to indicate that even in it the molecule is vibrating with one- 
half the energy corresponding to its fundamental frequency. It may be recalled 
that account was taken of this “zero-point energy’’ in the equation for expressing 
the wave numbers of vibration hand zero lines in terms of a transition between 
states. (Chapter 13.) 
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Since real molectiles are not harmonic oscillators, certain changes must be 
made in the form of the potential energy curve, which nevertheless retains its 
parabolic form near the equilibrium point The value of x, the anharmonicity 
factor in the expression for a vibrational term Fi' — + yields 

the deviation from the ideal curve to a first approximation. The deviations really 
result from the necessity for the use of terms in higher powers in the expression 
for the force of attraction of the oscillator. The effects of the deviations from 
harmonic oscillations are such as to make the repulsive forces increase more 
rapidly than linearly as the atoms approach each other, so that the left branch of 
th<!i curve must be steeper than that of a true parabola. The attractive force no 
longer increases regularly with the separation. Instead, it attains a maximum 
at a certain distance of separation of the atoms, after which it becomes smaller 
and the right-hand branch of the curve changes direction, and finally, at a certain 
separation of the atoms asymptotically becomes parallel to the abscissa. (See the 
lower curves of Figure 106.) This means that the atoms no longer attract each 
other, so that, after attaining a certain separation, they may move away from 
each other independently and the molecule is dissociated. The value of the energy 
at which the curve becomes horizontal represents the energy required for disso- 
ciation. 

In the schematic curves drawn by Franck to illustrate the behavior of various 
hypothetical molecules (Fig. 106), a deep curve such as I (normal), represents a 
stable molecule, since the dissociation energy is great. One such as III n h not 
nearly so stable, since the dissociation energy is less. The minima for the curves 
of the excited molecules situated at heights which represent the electronic 
(and rotational) energies of the non-vibrating electronic states. The energy for 
the dissociation of the excited molecules is measured only from the potential 
energy of their minima. To dissociate such an excited molecule photochemically 
would require in addition to this energ>% the energy required to form the excited 
state fropi the original ground state. 

The various curves illustrate the fact that the excitation of a molecule may 
either weaken, strengthen or leave unchanged the binding strength of the atoms 
in the ground state. In I, which shows curves for a molecule in its ground state 
and in two excited states, a, o', the excitation progressively weakens the binding 
force. Not only does the energy of dissociation lessen, but since the attractive 
foixe is weakened, the separation of the atoms at equilibrium also becomes pro- 
gressively greater with successive states of excitation. Should the absorption of 
light which produces the electron transition be represented by drawing a vertical 
line upwards from the minimum of the curve for the ground state, it would strike 
the curve for the first excited state at a point indicating a potential energy greater 
than that (Z?') required to dissociate the excited molecule. Its atoms would, 
therefore, fly apart as the vibration traced the curve for the excited stale. This 
type of molecule is encountered in the halogens. 

The second part of the figure illustrates the case in which the strength of the 
binding is independent of the state of excitation. 

Section III indicates the case in which the binding is made firmer by excitation, 
so that the moment of inertia is reduced. Examples are such loosely bound 
molecules as Cd 2 or Zn^ for which the heat <»f dissociation is of the order of less 
than one kcal.^'^ 

If in such potential energy curves, the horizontal energy levels for the terms 
*»yinans, J. G., Nature, 123, 279 (1929); Phtl. Mag., 7, 5SS (1929). 
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cortcspondlng to the successive quantum numbers are drawn in, as in Figure 107 
for the harmonic oscillator, the 6rst two or three would be widely and approxi- 
mately equally spaced. But with successively higher quantum numbers, they 
become more and more closely spaced (Figure 108), eventually converging at 
the level at which dissociation occurs. In comparatively few molecular spectra, 
notably chlorine and iodine, is it possible to trace the convergence of a large 
number of bands to a limiting frequency which indicates a heat of dissociation. 


Figure 108. 

Potential Curve and Vibrational Terms for 
Anharmonic Vibrations (Rabinowitsch, Z, Elec- 
trochemie ) . 



In most cases, the bands become weak while still far from the convergence limit 
and only a limited number of the vibration quanta can be measured directly. 
Birge and Sponer^^> devised a method of extrapolation to obtain the convergence 
point 

From the separations of two or more bands, Ay = wo(l — 2vx) it is possibly to derive 
values of the fundamental frequency of the molecule w© and of its anharmonicity jp. From 
these, it was believed that all higher terms might be obtained on the assumption that Av 
is a linear function of v, decreasing as the quantum number increases. At the conver- 
gence limit, where Ay is zero, v is given by l/2x. The total energy absorbed k then 
the integral of AFv between the limits y~0 and v=^l/2x or w/Ax—qI2, fo this there 
must be added the zero-point energy w/2, so that the heat of dissociation would be equal 
hw 

to — . For a graphical solution, Ay could be plotted against v and extrapolated to 
Ax 

Ay = 0, that is to ~ 1/2^:, the area under the curve giving the heat of dissociation. 

Application of this method gave results for the heat of dissociation which in many 
cases were far too high in comparison with values obtained from thermochenfiical data. 
It came to be recognized that the equations employed were not strictly valid and that 
the results were frecpicntly uncertain when but few vibrational hands could be measured 
and employed in the evtrapolation. Near dissociation, the drop in the separation of the 
vibrational bands often seemed to he accelerated. Birge modified the extrapolation 
^methods. In the method suggested by Birge, is plotted against the energy of vibra- 
'tion. Eww = By the use of the improved method the following values for the 

heats of dissociation of various gases (expressed as electron-volts) were obtained: 

N»9.], 0.6.0, NO 6.6, CO 10 3^’ 

Although Franck said little in his Faraday Society paper as to the manner 
in which the potential energy curves were obtained, the fertility of the concepts 
they expressed and their value in the interpretation of the various types of photo- 
chemical mechanism w'ere quickly appreciated. Condon devised methods of 

»» Birge, R. T., and Snoner, H, Phys. Rev, 28, 259 (1926). Other method** of evaluating heata 
of dissociation from the long-wave limits of continuous spectra and from precltssociation spectra are 
ocsasionally employed but cannot he discussed here. 

^ Birge. R. T.. Tranjr. Faraday 25, 707 (1929). 

^’For the application of the Birge-Sponer method to the determination of the heats of dissociation 
of organic compounds from their infrared absorption curves, see Ellis, J. W,, Phys. Rev., 3-1, 27 (19W. 

» Condon, E. U., Phys, Rev,, 28, 1182 (1926); 32, 858 (1928); Proc, Nat, Acad, Set., U, 462 (1927). 



236 


THE CHEMICAL ACTION OF ULTRAVIOLET RAYS 


treating the chrves more quantitatively from the standpoint of quantum mechanics 
and used them in explaining the distribution of the intensities of the lines encoun- 
tered in band spectra. He conceived an electron transition to occur with such 
extreme rapidity that the light electron moves to its new orbit in a time so brief 
that the heavier and more slowly moving nuclei undergo practically no change 
in position or velocity during the transition. This may be indicated by drawing a 
vertical line joining the curves for the ground and excited states of the molecule. 
The transitions occur with the greatest probability from the end points of greatest 
extension and compression of tlie molecule where the velocities of the atoms are 
least. Accordingly the bands corresponding to transitions from the points of 
reversal of the vibration have the greatest intensity. Strictly the method is not 
exact since the Heisenberg uncertainty principle shows that it is impossible to 
know simultaneously the positions and velocities of the nuclei. The error intro- 
duced is, however, eliminated by treatment by the methods of wave mechanics. 

If the vertical cuts the curve for the excited molecule at a point deeper than 
its horizontal asymptote, the absorption spectrum will be predominantly banded, 
since vibration is possible. But if the curve fqr the excited state be cut at a point 
corre.sponding to a potential energy greater than that of the asymptote, the 
absorption will be predominantly continuous.^® Tt must be noted that there may 
be several excited states for which separate curves must be constructed. 

It is possible to derive the shape of the Franck-Condon curve for a diatomic 
molecule from a knowledge of three constants of the molecule, o and D by 
means of an interpolation formula due to Morse,®® 


* * . < f§7r^c/jL(j)X 

in which a = . / 

V h 


= 0.2454VM(»>.v, p, being the reduced mass in e.g.s. units 


and M its value in atomic weight units ; s is the elongation or the distance from the 
normal equilibrium nuclear separation ro, the value of which for a given vibrational 
quantum number is derived from an analysis of the band spectrum. D' is the heat 
of dissociation derived thermochemically or by a Birge-Sponer extrapolation.®' 
Such curves have been obtained for a large number of molecules and the curves 
play an essential role in theories regarding thermal reaction rates.®® 

Despite the many difficulties inherent in treating polyatomic molecules, Franck, 
Sponer and Teller believe that potential energy curves may be profitably 
employed, at least in qualitive discussions of predissociation. 


Excited Atoms Formed by Dissociation 

Early efforts to test the dissociation theory by comparing the heats of disso- 
ciation determined spectroscopically and thermochemically indicated discrepancies ; 
these for a time led certain workers to prefer the theory that the primary process 
in a photochemical change is more generally one of molecular excitation. 


For quantum mechanical treatments, sec Goldstein, L, Compi. rend,, 193, 919 (1931V J ithvx 
Radium, 4, 123 (1933). ^ ^ 

«Mom, P. M.. Phys. Rev,, 34, 57 (1929). 

*tThc calculation of such curves has also been described by Klein, O., Z. physik, 76, 226 (1932). 
Improved methods have been suggested by others, for which see Sponer, H., “Molekulsoektren ” 
J. Springer, Berlin, 1936. Note also Chakravorti, $. K . Z. Physik, 109, 25 (3938). ' ' 

f*For further discussion of potential energy curves, see Franck, J., and Sponer. H.. Nackr Grs 
mss, Cminoen, 341 (1928); Visser, Q. H., Ckem. ^eekbhd. 27, 237, 380, 3 90 (1930 ; Meckc R ‘ 
Pkysikai. 2.. 33» 1 <3932); Noyes. W. A.. Jr., Rev, Modern Pkylics, 5, 280 (1933); Rfidy/R Rer 
sci„ 539 (1926); Heitler, W., and London, F., Z, Physik, 44, 455 (192^; &iera J 
skid,, 4Sf 484 (1927); Hyllcraas, k., Ibid,, 96, 643 (1935); Ftnkelnburg, W., Ibid., W, 798 (1936)! 
^l!*ranck. J., Si>oner. H., and Teller, E,, Z. physik. Chem., 18B, 88 (1932), 
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That the atoms formed on dissociation of a molecule need not be in the ground 
state, but that either one or both might be liberated in an excited state was dis- 
cussed by Franck. If such should be the case it is evident that the apparent value 
of the heat of dissociation would be greater thati the thermochemical value by the 
energy of excitation. If then the state of excitation of an atom so formed can be 
determined and if the energy required to raise the atom to that state from the 
ground state be known, it should be possible to obtain the heat of dissociation from 
the ground state of the molecule by subtracting the heat of excitation of the atom 
from the spectroscopic value for the heat of dissociation of the excited molecule. 

Iodine may absorb nearly double its dissociation energy and re-emit it as 
fluorescence without dissociating. From spectroscopic data of Mecke/^^ Franck 
stated the convergence limit of the vibrational levels of iodine to lie at 4995A. 
Figure 103 shows that this corresponds to 56,950 calories. Since the thermo- 
chemical value for the heat of dissociation of iodine is only 34,500 calories, it is 
evident that some other process than dissociation of the ground state must be 
involved in the photochemical dissociation. From the arc spectrum of the iodine 
atom, its energy of excitation to the state is found to be 21,650 calories per 
atom. When this is deducted from 5^,950 calories, the remainder, 35,300 
is in good agreement wdth the thermochemical value. The conclusion is, therefore, 
that the photochemical dissociation of iodine leads to the production of one normal 
and one excited atom. Similarly, the convergence limit is 4800 A for chlorine and 
for bromine 5107A, each dissociating into a normal and an excited atom. 

A normal molecule rarely suffers photochemical dissociation; when it does 
two normal atoms usually are formed. Herzberg^<> and Heitler and Herzberg^T 
have shown that there are instances in which molecules may yield one normal 
and one excited atom from the ground state, and two normal atoms from an 
excited state. This is interpreted to mean that a stable molecule is formed by the 
union of a normal and an excited atom. Instances are CN, BO, SiN, (CO)"**. 
Still other cases have l)ecn discussed by Bciigtsson and Hulthen, e,g., CuH.^® 

Homopolar and Heteropolar Molecules 

Molecules which, like the alkali halides, yield ions on dissociation from the 
ground state are called heteropolaj* or ion-molecules, and those which yield two 
neutral atoms from the ground state are called homopolar or atom-molecules. In 
general, atom-molecules such as hydrogen, chlorine, and even such polar ones as 
silver halides are dissociated from ^‘xcited states into a normal and an excited 
atom. lon-niolcculcs may give both this type of dissociation and one in which only 
normal state atoms are produced. Franck, Kuhn and Rollefson^® found the 
alkali halide vapors to exhibit continuous absorption bands which extend farther 
toward the red when the temperature and pressure are increased; the position of 
the maximum absorptions appeared to be independent of these factors. Only one 
maximum was observed for the chlorides, but there were two for the iodides and 
bromides. The heats of dissociation of the molecules as calculated from the 


»*Mecke. R., Ann, Ph\sik, 71, 104 (1924). 

35,593 according to Blown, W. G., Phys, Rev., 38, 709 (1931). 

Herzberg, G., Ann, Physik, 86, 189 (1928). 

Heitler, W., and Herjtberg, G. Z. Physik, 53, 52 (1929). 

*8 BengtsRoit, E., and Hulthen, E, Trans, Faraday Soc., 25, 751 (1929). 

Sooner, H., Z. Blektrochcm , 34, 483 (1928); Franck, J., and Kuhn, H., Katiwtmss., 20, 923 
(1932). 

»> Franck, J., Kuhn, H., and Kollefson, G. K., Z. Physik, 43, 155 (1927). 
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positions of tho lotiger wave-kngth contintious bands appeared to be in agree- 
ment with thermal heats of dissociation of the salts. Such a conclusion would 
indicate that it would be possible for ion molecules to be dissociated into two 
normal atoms. 

At low pressures, the vapor of sodium iodide when irradiated with wave-lengths 
shorter than 2S00A emits the D line of sodium.®^ This is proof that the absorp- 
tion produces an excited sodium atom and an iodine atom. The second series 
member 3303A only appear^ when the iodide vapor is irradiated with the 1854-62A 
aluminum doublet, the energy corresponding to the dissociation energy of the 
sodium iodide and the excitation of the sodium atom to the 3P state. Since in this 
process the D line was not emitted, it is not possible that the effects could have 
beeti due to an ionization of some sodium vapor possibly present. Similar results 
were reported by Kondratiev for caesium iodide, the dissociation energy of 
which corresponds to 3.82 volts. The energy required to excite the observed 
caesium line (4555 A) is 2.71 volts. The .sum, 6.53 volts, is less than the energy 
of the aluminum lines 1854 and 1862A which produce the effect, but greater than 
that of the nickel lines about 2300A, which are ineffective. 

In thallium iodide vapor, irradiation with wave-lengths shorter than 2080A 
leads to the emission of the 3776 and 5351 A lines, showing that the dissociation 
produces thallium in the 2S state; from the result the heat of dissociation into 
normal atoms would be 61 kcal. per mole.^'* More recently, Terenin and Popov 
find thallium iodide and bromide to yield thallium and halide ions. Butkov,^® 
had previously stated from convergence limits, the heat of dissociation of thallous 
chloride vapor as 87 kcal. and that of the bromide as 73,1 kcal. Since the decom- 
position leads to excited atoms, the vapors are atomic compounds. 

Neuimin®^ finds thallous iodide at 600° and 1 mm. pressure to show two 
absorption bands with maxima at 3110 and 25 10 A, diffuse toward the long wave 
side, corresponding to the potential energy curves for Tl + Cl* and TP-f Cl. On 
irradiating these vapors at 100 mm. by a spark, the photodissociation of the salt 
yields the lines 3776 and 5351 A. These atomic lines are not given by resonance 
in thallium vapors at these temperatures.®® 

Desai found four regions of continuous absorption to be exhibit(‘d by the 
vapors of rubidium iodide. The first, at 3700A, involves a dissociation into normal 
atoms with an energy of reaction of 78 kcal. The second at 2900 A, leads to the 
production of a normal rubidium and an excited iodine atom, the third at 2vS48A, 
to an excited rubidium and a normal iodine atom, and the fourth at 2 ISO A, to the 
formation of excited rubidium and iodine atoms.^® 

Sommermeyer agrees that the absorption of alkali halide vapors yields only 
continuous spectra, but finds that by an excitation method he can observe certain 

Kondratiev. V., Z. Physik, 3^, 191 (1926); Terenin. A., Ibid., 37, 98 (1926); 44, 713 (3 927); 
Natufitviss., 15, 73 (1927). 

** See also Terenin, A., and NeuTmin, H., Physik Z. So7vjetunwn^ 2, 434 (1932). 

Kondrat'ev, V.. !oc. cit. 
a* Terenin, A., Z. Physik, 44, 713 (1927). 

Terenin, A., and Popov, B., Z. Physik, 75, 338 (1932). 
wButkov, K,, Z. Physik, 58, 232 (1929). 

sTNeuTmm, IL, /. Exp. Theor. PhysUs, US.S.R., 4, 692. 697 (1934); see also Teienm, A., and 
B., Z. Physik, 75, 338 (1932). 
a«See also Franck, J. M.. Physik. Z. Sowj . 2, 319 (1932). 

«» Desai. M. S., Z. Physik, 85, 360 (1933). 

See also Visser, G. H., and van Heel, A. C. S., Z. Physik, 86, 694 (1933), For alkali fluorides 
and the heat of dissociation of fluorine, see Desai, M. S., Bull, Acad. Sci. United Provinces Aara 
Omdk, India, I, 116 (193D2); Chem, Abs., 26, 5842 (1932). 

•H^Sonunermeyer. K., Natnrwiss., 16, 653 (1928); Z. Physik, 56, 548 (1929). 



SPECtROSCOPIC EVIDENCE FOR DISSOCIATION 239 

bands. Their separation was less at the longer wave-lengths and in the ultra- 
violet they became progressively feebler and finally disappeared They correspond 
with tlie vibration quantum of the normal state of the molecule, which would be 
strongly excited at the temperatures used (750^). He suggested that the normal 
electronic state always corresponded with ionic binding, and the excited state witJi 
binding by polarization. 

The absorption of lithium halide vapors has been studied by Desai who found 
two absorption regions in the vapors of tlie bromide and iodide. By the use of 
the ill-defined long- wave limit of continuous absorption, the latent heat of 
vaporization of lithium was computed to be 29.6 kcal, per g. atom (using the mean 
value from data on all the lithium halides). On the assumption that the second 
absorption region corresponds to dissociation into a normal metal and an excited 
halogen atom, the excitation potentials of bromine and iodine were computed from 
the frequency difference between the two absorption limits on the long-wave side, 
giving for bromine 0.46 volt and for iodine 0.91 volt. 


Fjgure 109. 

Potential Energy Curves for a Heteropolar 
Molecule ( Rabinowitsch, Z. Rle( trochetnie). 



Figure 109 illustrates the potential energy curves which characterize a hetero- 
polar molecule. The crossing of the curves is necessary because the energy of a 
system of two ions must be greater than that of the same two pr3ins, how- 
ever excited. The crossing is a point at which the potential energy is the same 
for a given atomic separation for both the excited and ground states. A molecule 
at this point may dissociate in either manner so that the molecule cannot be either 
exclusively homopolar or heteropolar. In some cases the probability of the disso- 
ciation following one course exceeds that of its following the other. This is the 
more likely the greater the energetic separation of the two curves. 

It has thus become evident that a simple classification of molecules into hetero- 
polar and homopolar is unnecessary and arbitrary. The view that a given molecule 
shares the distinguishing features of both types serves to explain the controversy 
regarding the nature of hydrogen chloride. This was long thought to be hetero- 
polar because of its dissociation into ions in aqueous solutions. Kondrat'ev 
advanced evidence from the convergence of its infrared bands for a homopolar 
nature, but Rawlins believed gaseous hydrogen chloride heteropolar because 
of the constancy of its dielectric constant in a variable magnetic field.^*^ 

The continuous absorption s])ectrum of silver iodide vapor closely resembles the 
spectra of the alkali chlorides.^^ ft extends from 3500 to 2400A with a maximum 
at 3170A. The dissociation results in a normal silver atom and an excited iodine 

** Desai M S Bull Acad, Sci. United Provinces Agra Oudh, India, 2, 33 (1932); Chem» Abs„ 
27, 2380 (*1933). ” 

"Kondratiev, V., Z. Physik, 48, 583 (1928). 

"Rawlins, F., Z. Physik, 50, 440 (1928). 

"See, however, Datta, S., and Chakroborti, B., Current Scu, 3, 349 (1935). 

"Franck, J., and Kahn, H., Z, Phys%k, 43, 164 (1927). 
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For dissociation into two normal atoms the absorption band would have 
to be of much longer wave-length. This conclusion was also confirmed by the 
fluorescence spectrum excited by irradiating the vapor with the copper line 3274A. 
The heat of dissociation calculated from the fluorescence spectrum is approximately 
54 kcaL, wherteas that found by measuring the work of dissociation is 47 kcal. 
This indicates that the dissociation products arc two neutral aton'is and not two 
ions for which a beat of dissociation of 140 kcal. would be required. In the vapors 
of silver bromide the absorption bands lie between 3100 and 3400A and for silver 
chloride between 3100 and 3300A.‘*^ The vibration frequency changes only slightly 
between the initial and final electronic states, the difference decreasing from iodide 
to chloride. A series of resonance lines was obtained by suitable illumination of 
the vapors. From these the heat of dissociation of silver bromide is roughly 
estimated at 2.5 volts, in agreement with the thermochemical value, 2.6. This 
shows that in the vapor state theJ>e molecules are non-polar. The true heats of 
dissociation are closely related to the constants of the quasi-elastic binding forces 
obtained from the vibration frequency in the normal state. It is therefore con- 
cluded that the electron linkage is similar for the three silver halides. Brice 
finds the absorption of silver bromide and iodide vapors to be continuous below 
3350A, with maxima about 3170A for both. The heat of dissociation for the 
normal states is 2.77 volts (silver bromide) and 3.02 volts (silver iodide), and for 
the excited states 0.21 and 0.10 volt, respectively. It could not be determined 
whether the products were metastable halogen and normal silver or metastable 
halogen and excited silver. Dutta claims the normal form of silver halides in 
the vapor state to be ionic and not atomic. 

Herzberg has summarized the spectroscopic methods for determining the 
dissociation energies of diatomic molecules. These methods have been extended 
to polyatomic molecules. Mecke,’^»^ who discussed the mechanism of dissociation 
of molecules such as water, carbon dioxide, methane, formaldehyde and the nitro- 
gen oxides, suggested that that atom is split off first which represents the smallest 

energy of dissociation.^^ 

Terenin observes that the photodecomposition of Snl^ vapor by light of 
2500-2150A is accompanied by a bright visible emission of the spectrum of the 
iodine molecule with an abnormal distribution of intensity in the hands. The 
iodine molecule is thought to be detached in one primary proceSvS. The whole 
process is equivalent to a recombination of the atoms in the act of photodissocia- 
tion, or to a redistribution of the valency linkings. A marked temperature cofficient 
indicates the necessity for an energy of activation for this type of photodissociation. 
The mechanism of the yellow fluorescence in the vapor of bismuth iodide may be 
similarly explained; under the action of suitable quanta and with some thermal 
activation an iodine molecule may be detached from Bil^.®^ 


Franck, J., and Kuhn. H., Z. Physik, 44 , 607 (1927). 

Brice, B. A., Phys. Rev., 38, 658 (1931). 

" Hutta, A. K., Trans Base Research Inst . Calcutta, 8, 248 (1932>3); Chem Ahs . 29, 68^9 (1935). 

®®Herzh«rg, G., Chem, Rev,, 20, 145 (1937). 

«^Meckc, R., Z, phvstk. Chem., 7B, 108 (1930), 

^ Sec also Kimura, M, Sci. Papers Inst Phvs. Chem. Research, Tokyo, 18, 150 (1932). 

-A..’ 135, 543 (1935); Com/Jf. rend. Acad. Sci, U.R.S.S , 1, 482 (1934); 3, 181 

p93S); Brtt. Chem. Ahs. A, 807 (1935); Terenin, A., and Tshuharov. R, Acta Phvsicochtm 
U.R.S.S., 7, 1 (1937); Chem. Ahs., 32, 3266 (1938); Parti, Y. P., and Samuel, RiV pV 
49 , 568 (1937); .see also Herzberxr, G., and Teller, E., Z. physik, them, 21B, 410 (1933)1 van 
Manen, B., Chem. Weekblad, 34. 549 (1937)3 for polyatoihic milecul^. ’ ^ ^ ” 

f Neurmin, H Phy,,k Z S<mict,mon, 2. 422 (1932). For zinc and cadmium halides, 
!iee Dch, S., Trans. Bose Research Institute, Calcutta, 10, 223 (1934-5); Chem. Ahs , 32, 3263 (3938)1 
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Itt the Schtimann region, many molecules of inorganic or simple organic com- 
pounds become fluorescent because of dissociation into radicals, some of which are 
excited.®® It is, however, unnecessary to discuss in detail the many contributions 
of spectroscopy to the heats of dissociation of inorganic compounds. The most 
accurate recent values for the heats of dissociation of various "compounds as 
obtained by all available methods have been compared and tabulated by Rossini 
and Bichowsky.®^^ The band spectra of many compounds will be discussed briefly 
in the consideration of individual photochemical reactions in the remaining chapters. 

Predissoci \tion Speccra 

One feature of the band spectra of certain compounds requires special mention. 
Franck ®^ as early as 1925 mentioned band spectra in which the rotational struc- 
ture, sharp within the bands at longer wave-lengths, becomes diffuse at shorter 
ones. He gave the interpretation, no longer regarded as correct, that the rota- 
tional energy in such cases is actually great enough to dissociate the molecule. 
Such spectra had been described by Henri and Teves who called them predis- 
sociation spectra. By 1929 this type of absorption had been observed in the spectra 
of more than 40 polyatomic molecules, such as sulfur dioxide, ammonia, nitrogen 
peroxide, etc. It is not, however, confined to polyatomic molecules, being exhibited 
by some diatomic molecules. Indeed, it was first discovered in the case of sulfur 
vapor in the bands of which the rotation lines disappear at 2792A, although the 



Ftguke 110. Predissociation of NOi. (Bonhoeffer and Harteck, “Guindlogcn der 
Photocheniie/^ Courtesy, Th. Steinkoff, Dresden). 


vibrational bands continue to shorter wave-lengths. Figure 110, showing the 
absorption of nitrogen peroxide, illustrates the phenomenon. In the bands at 2491 
and 2459 A, the quantized rotation lines are clearly evident, but they have disap- 
peared in the vibration bands at 244/ and 2425A. In some, but not all, cases the 
region of predissociation is followed on the short-wave side by a region of con- 
tinuous absorption. In other cases, the diffuse bands are found on both the long- 
and short-wave sides of bands with definite rotation lines so that a molecule may 
exhibit more than one region of predissociation. 

Henri suggested the name predissociation because he believed that absorption 
in this region produced a new state of the molecule in which the latter is chemically 
active, labile, non-fluorescing and predisposed to dissociate. More recent studies 
have somewhat altered this concept. The interpretation of the phenomenon by 
the aid of potential energy curves and by the aid of an analogy with the Auger 

WNeutmin, H., and Tereiiiji, A., B^il Acad. Sii. U.R.SS., Classe set. math. not.. Ser., phys., 
529. 1936; Chem. Abs., 31, 3790 (1937) 

Rossini, F. D., and Bichowsky, F. R., “Thcimochetnistiy of ( hfiuical Substances/’ New Yotk, 
Relnhold Publishing Corp., 1936. 

« Franck. J., Z. Blektrochem., 31, 350 (1925). 

»» Henri, V., and Teves, M. P,, Nature, 114, 894 (1924); Compt. rend., 179, 1156 (1924). 
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€ffect in x-ray spectra has been the subject of much wotk.^<^ New criteria for 
the presence of this type of absorption have been given by Kaplan®^ who has 
investigated nitrogen spectra.®^ 

In brief, it may be saM that the phenomenon depends upon the existence of 
two excited states of the molecule the potential energy curves for which cross at a 
position which represents binding for one state and dissociation for the other. In 
Figure 111, the ground states are not represented for the molecules considered* 
In each case transitions from the ground state to excited state A are permitted but 
those to excited state C are forbidden. Assume that by the Franck-Condon prin- 
ciple the electron transition has raised the energy to the points marked X.®® Jf 
ohly the state C existed, the molecule would suffer dissociation either immediately 
or after completing a half vibration. If, on the other hand, only the states A were 
possible, excited molecular states would result and these would account for the 
production of bands with rotational fine structure. After a brief life (10'’® second), 
they would emit part or all of their excitation energy as fluorescence. But when, 



Figure 111 . 

Potential Energy Curves for Predissociation 
( Rabinowitsch, Z. Electrochemic) 


as in the figure, two crossed excited states may exist, the molecule may vibrate 
along either curve. Thus a molecule if excited may during its life of 10 ® seconds 
perform many vibrations the period of which is of the order of only 10’^® second 
before it emits its energy as fluorescence. While it remains as a molecule, it is 
also rotating and a rotational line (or lines from different ones of the many mole- 
cules) is produced within the vibrational band. Rut during each time that, in 
the course of a vibration, it passes through the crossing point, the excited molecule 
stands a finite chance of changing by a ‘Radiationless transition,'^ which involves 
no change in pfitential energy, to curve C which leads to dissociation. Thus it is 

BonhoefTer, K., and Farkas, L., Z. phyuk, C hrm , 134, 337 (IVJ7) 

Her^lKTK, G.' “Die Fiedissoziation mid vciwandtc liJischeiiimiiron,”’ .Sprmgti, Kerim Cn>31), Ph\s 
K(*v„ 40, 313 (19.32). 

« Kaplan, J., Phys. Rev,, 38, 1079 (1931). 

‘‘“Kaplan, J., Phys, Rev,, 41, 114 (1932). 

^Franck, J., and Sponer, H„ Nitchr, Ges, Wissen, Gmingen, 241 (1928). 
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that a single electronic transition gives (in the case of some of the molecules) 
rotational lines within a vibrational band while other molecules suffering the same 
electronic excitation undergo dissociation. 

The width of each line of a spectrum is dependent upon the life of the excited 
state. In general, the longer the life, the narrower the line.®^ The net result of 
the dissociation of some of the molecules is to shorten the mean life of the excited 
molecules; the effect of this is to broaden the rotational lines of the absorption 
band. Because of this tendency the vibrational bands assume the diffuseness char^ 
acteristic of predissociation. A second effect is a lessening of the intensity of the 
fluorescence. Fluorescence measurements offer an even more sensitive criterion 
for predissociation than does the effect of line-broadening although this test can 
only be used in gases at low pressures. Otherwise the fluorescence might be 
greatly affected by collisions.^® 

There are “selection rules“ concerning the states which may exhibit predis- 
sociation,®® but their consideration would lead us too far into specialized fields 
of molecular spectra. From a photochemical standpoint, in which we are primarily 
interested, the significance of the predissociation regions is that they represent 
regions of optical dissociation and as such are capable of yielding information in 
regard to the primary photochemical process in the reactions of the substance^ 
which exhibit such predissociation regions. 

Since in the predissociation region the excitation energy must be at least 
equal to the dissociation energy, it is possible to calculate a maximum value for 
the normal heat of dissociation from the wave-length at which the diffuse spectrum 
commences, or the fluorescence les.sens.®*^ This can be done only when the hori- 
zontal portion of the dissociation curve is cut by the excited curve. As this 
appears to be the case in nurnerotis instances, such calculations have often yielded 
heats of dissociation in agreement with those obtained by other methods. The 
two predissociation limits observed by Henri in nitrogen peroxide at 3700A t,NO 
and O) and 2459A (NO and excited O) correspond to 72.2 and 117 kcal. The 
difference between these fixes the energy of excitation of oxygen at 45 kcal. ®® 
Similarly calculations of the heat of dissociation of oxygen have been made from 
the predissociation spectrum of sulfur dioxide. From predissociation limits, Bates 
has calculated the heats of dissociation of OH and NH to be 116.05 and 102.2 kcal 
Urey and Johnston find the predissociation limit of chlorine dioxide to indicate 
an energy of dissociation through one mode v)f vibration of the excited electronic 
state into a CIO molecule and an oxygen atom. 

Predissociation may be induced in certain cases in spectral regions normally 
showing discrete band spectra, liy the addition of other gases. The change of 
absorption spectrum is practically independent of the nature of the foreign gas, 
at least in the case of the visible bromine speclrmn observed by Avramenko and 
KondraCev.'^^ External magnetic fields may also cause induced predissociation.^^ 


•w The details of the theoiy of this i elation niu*»t be sought in physical texts. The application of 
the Heisenberg uncertainty principle is iitvolved. See also Rice, O. K., Phys. Rev., 31, 748 (1929) ; 
/. Chem. Physics, 1, 37') (1933) and Kronig, R, de L., Z, Phystk, SO, 347 (1928). 

Kondrat’ev, V., and Polak, L., Z. Fhys%k, 76, 386 (1932). 


« Kronig. R, de L., Z. Physik, 62, 300 (1930). 

Turner, L. A., Z. Physik, 68, 178 (1931). 

See also Hcrzlierg, G., Z, physik. Chent, lOB, 189 (1930). 

^ Bates, JT. R., Z. physikal. Chrm. Bodcnstcin Band, 329 (1931). 

’’^Urey, H, C, and Johnston, II., Phys. Rev., 38, 2131 (1931). 

^Avramenko, and KondratVv, V., Phvnk. 31 

(1937). See also Loomis and Fuller, Phys. Rev,. 39, 180 (1932); Kondral ev, V., and Folak. L,, 
Physik. Z. Sowj\, 4 , 764 (1933), 

« Turner, L., Phys. Rev., 41 , 627 (1932). 
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A general discussion of induced ptedissociation and the predissociation of poly- 
atomic molecules has been given by Burton and RollefsonJ^ 

The principles followed in interpreting the predissociation spectra of diatomic 
molecules require amplification when applied to the spectra of polyatomic mole- 
cukvS so as to take into account the more complex nuclear vibrations and the fact 
that polyatomic products of decomposition contain vibrational and rotational 
energy, while for monatomic dissociation products only electron excitation energy 
need be considered. In the case of sulfur dioxide,'^'* the energy value for the 
predissociation limit at 1950A is greater than the energy required for thermal 
dissociation into SO and O by about 13 kcal. ; this must be divided between trans- 
lational and vibrational and even some rotational energy. 

A marked shifting of the region of predissociation to longer wave-lengths with 
increase in the temperature of the absorbing gas was noted by Henri in his work 
on predissociation. Joos and Hermann *^5 j-j^ve confirmed Herzberg’s suggestion 
that this is due to the thermal excitation of higher vibrational levels in the ground 
electronic state, by observations on nitrogen peroxide at temperatures from — 15° 
to 500° These show that the sharpness of the individual bands is not affected by 
the rise in temperature. The temperature effect is of some significance for the 
temperature coefficients of certain photochemical changes. 

Caution must be used in concluding that photochemical reactions brought 
about by light absorbed in a region of .sharply banded absorption have an excited 
molecule mechanism,^® since induced predissociation may occur in molecules 
showing any kind of light absorption. Furthermore, weak continuous absorption 
between the lines of a spectrum must not be neglected. Consideration of such 
absorption in the chlorine spectrum at wave-lengths longer than the convergence 
limit has led to a recent revision of the interpretation of the mechanism of the 
combination of hydrogen and chlorine induced by light in this region.'^'^ 

Franck and Rabinowitsch have stated that in the majority of photochemical 
reactions in gases every act of absorption leads to dissociation into atoms or free 
radicals, a point of view in which Lowry concurs. West ^ tests for the para- 
magnetic free radicals by ability of the latter to effect the ortho-para hydrogen 
conversion. Fie applied the method with success to the detection of methyl radicals 
prodticed by the irradiation of methyl iodide and of acetone vapors. However, 
benzene and propionaldehyde when illuminated did not cause the ortho-para 
hydrogen conversion. NeuTmin uses a layer of molybdenum trioxide in the 
detection of atomic hydrogen, which forms an intense blue color, “molybdenum 
indigo.*^ 

'If* Burton, M, and Rollefson, G. K , / Cht'm Phys . 6, 416 (19.18'>. Kor the cim of sulfur, see 
Olsson, E., NaturwtJ^s j 25, 781 (19.17) and Ix)chte-Holtgrcvcn, W., Z. Phyrih, 109, 147, 149 (1938). 

Franck, J., Sponer, H., and Teller, E„ Z. physik. Chefn , 18B, 88 (1932). For a general theorrti- 
cal discussion of the predissociation of polyatomic molecules, sec Dushinskii, F., Acta Physicochim, 
U.nSS,, 5, 651 (1936). 

'^'Joos, G., and Hermann, A., Physik, Z., 33, 213 (1932). 

wRoIIefson, G K., /. Phys. Ckem., 42, 737 (1938). 

Bayliss. N. S., Trans, Faraday Soc., 33, 1339 (1937). 

Franck, J., and Rabinowitsch, E., Trans Faraday Soc,, 30, 120 (1934). 

^ Lowry, T. M., Trans. Faraday Soc, 30, 3 (1934). 

VV.. /. Am, Chem. Soc., 57, 1931 (1935). 

Nculmin, H., Compt, rend. acod. sci., U.R.S.S., 15, 447 (1937); Chem. Ahs., 32, 1580 (1938). 



Chapter 15 

Overall Photochemical Reactions 

It has been shown in the preceding chapters that it is advantageous to consider 
separately the mechanisms of the primary and secondary processes of photochemical 
reactions. Experimentally, however, there is no such demarcation and both must 
be studied simultaneously. 

It is now gdierally recogai7.ed that for chemical reactions to proceed the mole- 
cules must be supplied with at least a minimal amount of energy known a^ the 
activation energy. This is usually not identical with the observed heat of reaction, 
the latter being merely the difference between the activation energies for the forward 
and reverse reactions. In purely thermal reactions, the activation energy is kinetic 
energy due to random collisions resulting from the heat motion of the molecules. 
Only those molecules which at the experimental temperature have energies in 
excess of the activation energy are capable of reacting. Since from the Maxwell- 
Boltzmann distribution law at ordinary temperatures only about one in 10^ mole- 
cules of a gas possesses an energy equivalent to 25 kcal. per mole, reactions for 
which the activation energy is greater than this will be slow. The absorption of 
ultraviolet light may, however, readily supply the molecules with far greater 
amounts of energy so that the photochemical reaction may be rapid. Thus, the 
processes of dissociation or excitation attendant upon the absorption of light may 
yield atoms, free radicals or molecules with sufficient activation energy to allow 
the remaining secondary reactions to proceed readily. 

Whether or not the secondary reactions do so depends upon the nature of the 
secondary reactions in which these primary products participate. If all thq sec- 
ondary reactions proceed at the experimental temperatures with negligible ao|iva- 
tion energies, or with activation energies compatible with those possessed by the 
primary products, the photochemical reaction will proceed. The rate of reaction 
is then determined by that of the primary process, which depends upon the rate 
of absorption of energy. If, on the other hand, the secondary processes require 
activation energies in excess of those pos.sessed by primary products the reac- 
tion will not proceed. In such cases, the temperature must be raised to one at 
which the requisite activation energy for the slowest necessary secondary process 
is available. The overall reaction wdll then have a temperature coefficient. In 
general, the primary process is not markedly dependent upon temperature, and 
purely photochemical reactions have temperature coefficients of unity. This means 
merely that none of the secondary processes requires activation energy. When there 
is a temperature coefficient, it is usually due, therefore, to one of the secondary 
processes requiring activation energy not sufficiently available at the usual experi- 
mental temperatures. wSince most photoreactions occur through the intermediate 
formation of atoms and free radicals, an accurate knowledge of the rate constants 
of reactions in which these participate is of importance for the determination of 
the mechanisms of individual photoreactions.^ 

1 Bates, jr. R., Chem, Rev., 17 , 401 (1935). 
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Photochemical Thresholds 

Since it is the function of light in a photochemical reaction to supply the 
energy of activation for that reaction (or more strictly for its primary process), 
it should be necessary to employ a radiation of frequency corresponding to at 
least that energy* This implies the existence of a photochemical threshold fre- 
quency below which the reaction could not be brought about. Mecke^ states 
that the accurate determination of this threshold wave-length is important for a 
proper understanding of the nature of the primary process, but notes that it 
unfortunately presents great experimental difficulties. Indeed, some workers 
have indicated these difficulties to be so great as to preclude experimental deter- 
mination. 

In the case of the combination of hydrogen and chlorine, Coelin and Jung® 
claimed to have found a threshold at 5400A, longer wave-lengths not leading to 
the formation of hydrogen chloride. On the other hand, Taylor ^ placed the 
threshold at 4900A. Both of these results were criticized by Bowen, ^ who showed 
that the results indicated no more than that the rate of reaction is proportional 
to the amount of light absorbed and that this drops to low values in these wave- 
length regions. 

A similar attempt to find critical wave-lengths for the decomposition of ethyl 
and methyl iodides was due to Job and Emsch wilier.® They considered the 
quantum at the critical wave-length for the decomposition (the ‘^critical coniple- 
ment'^), to measure the binding energy of the covalence C-I. By placing a tube 
of ethyl iodide in the spectrum of a carbon arc, it was noted that the reaction 
appeared to proceed as soon as wave-lengths shorter than 41 00 A were used. 
This corresponds (Figure 103) to 69.3 kcal. per mole. Methyl iodide gave this 
same value, but for iodobenzene it was 4000A or 71 kcal. However, Bowen ^ 
criticized these conclusions by showing that the threshold values were related 
either to the lower limits of the absorption spectrum or to the wave-length of 
maximum absorption. Bowen stated there was no theoretical justification for 
such conclusions. Warburg had attempted to relate thresholds to the heat of 
linking. The thermal values for the C-I linking gave only 40 kcal., whereas Job 
and Emschwdller had found 69.3 kcal. As has been indicated in an earlier chapter 
the heat of dissociation of such molecules as iodine into normal atoms is not related 
to the actual amounts of energy required to di.ssociate the molecule into a normal 
and an excited atom; this may be far greater. Therefore, heats of linking could 
not be calculated even from a knowdedge of the convergence limit without a 
knowledge of the amount of excitation energy of the decomposition products. 
Allmand and Reeve ® found the decomposition of oxalic and formic acids to pro- 
ceed at a measurable rate in light of wave-lengths much longer than those com- 
puted by Volmar ® from thermochemical data on the heats of unimolccular decom- 
position. 

Schneider and Sperti suggested the existence of threshold w^ave-lengths for 

* Mecke, R., Trans, Faraday Soc., 27, 360 (1931). 

■Codhn, A., and Juni?, G„ Z. physik, Chem., UO, 705 (1924), 

* Taylor, W., Phil Mag,, 49, 1165 (1925). 

s Bowen, H. J.. Phil, Mag,, 50, 879 (1925). 

*Job, A., and EmachwUler, G., Compt. rend,, 179, 52, 368 (3924). 

Bowen, E. J , Ttans. Faraday Sac., 21, 543 (1926). 

•Allmand, A. J., and Reeve, L., J, Chem, Soc., 129, 2852 (1926). 

•Vtjlmar, Compt. rend,, 178, 697 (1924); 180, 1172 (1925). 

Schneider, II., and Sperti, G., Bull. Baste Set. Research, 1, 7 (1926). 
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pfaotocbemkai reactions. By means of a series of filters they fotmd the long^est 
wave-length capable of liberating iodine from a solution of potassium iodide to 
lie between 33^ and 3660A. Inasmuch as wav«ybandfi covering as much as 3?0A 
units had to be used# it was not possible to determine whether or not the yield 
dropped suddenly to zero from fairly high values over a very narrow range of 
wave-lengths. These authors extended their point of view to the inactivation of 
the enzymes pepsin, rennet and invertase and to the killing of bacteria and pro^ 
tozoa as well. 

Further tests of the question require accurate determinations of the quantum 
yields at a scries of wave-lengths ; a positive threshold would be indicated by a 
sudden drop to zero from a fairly high and constant quantum yield. Comparatively 
few such data are available, but those papers in which data adequate to the test 
have been given, the work of Norrish^^ on the decomposition of nitrogen 
dioxide, indicate a sloping curve over a fairly wide range of wave-lengths. For 
this reaction the quantum yield is zero at 4360A, 0.72-0.74 at 4050A, 1.54-2.10 at 
3650 A and 2.07 at 3100-2700A. A possible explanation of the lack of sharpness 
in the change in quantum yield with wave-length may be that not all of the mole- 
cules of the absorbing material are initially in the same vibrational state. Those 
few molecules which at the temperature of the experiment may be in excited 
states may be expected to be activated by the absorption of smaller quanta than are 
required to activate those initially in lower vibrational states.^^ The heat of dis- 
sociation obtained spectroscopically by the absorption of a gas at a temperature 
other than absolute zero is the weighted mean of the heats of dissociation of the 
various vibrational excited states existing at the temperature at which the 
absorption occurs. Conversely, since these states have different heats of disso- 
ciation, the wave-length threshold for each should be definite, but for the mixture 
there should only be a sloping curve or a diffuse threshold. 

By extrapolating the quantum yields of each of four reactions to a zero quan- 
tum yield, Rao and Dhar found extrapolated threshold wave-lengths. The 
corresponding energies in kcals. per mole were found to agree closely with the 
energy of activation of the dark reactions. There was, however, in some of these 
a rather extended and uncertain extrapolation. Bowen had found much earlier 
that the activation energies of four bimolecular reactions calculated from their 
temperature coefficients could not be related to the energies corresponding to the 
long-wave limits of the absorption bands. Neither the absorption limit nor the 
activation energy bore any definite relation to the heats of linking of the bonds 
assumed to be ruptured in the photochemical processes. 

Franck and Herzfeld^^ have emphasized the possibility, at least for polyatomic 
molecules, that thermal energy can contribute much more of the energy required 
for a photochemical cliange than had previously been assumed. Also, in such 
complicated molecules more than one absorbing center may be present Energy 
absorbed by one linking may be transferred to another, which itself absorbs, 
so that the sum or a portion of the sum of the energies absorbed in separate por- 
tions of the molecule may be made available to affect a disruption of one or the 
other linking, the energy absorbed by that linking alone being insufficient for this 
purpose. The possibility of such intramolecular migrations oi energy seems to 

i^Norrish, R. G. W., /. Chem, Soc., 1604 (1929). 

i«Toliiian. R. C., /. Am. Chem. Soc., 42, 2506 (1920); 45, 2285 (1923). 

“Rao, G. a. and Dhar, N. R., /. Phys. Chem., 36, 646 (1932). 

“Franck. J., and Iler^fcld, K. F.. /. Phys. Chem., 41, 97 (1937). 
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hav^ been 4efinitely shown in the work of Norrisb on the photochemistry of the 
al<iehydes, (Chapter 22.) 

Over wide ranges of wave-lengths there may be variations in the quantum 
yield with the wave-length. In many reactions, ^e quantum yield increases with 
the frequency. In the case of the hydrolysis of tetrachlorplatinic acid the yield 
continues to increase over a range of 3080A, which coresponds to a range of 
energy levels far too great to be accounted for on the basis of a temperature dis- 
tribution of vibrational states. The reasons for this phenomenon are not yet 
clear. Such results appear to be obtained chiefly in reactions involving polyatomic 
molecules in solution. 

Temperature Coefficients 

Since the secondary processes are thermal reactions, they may be expected to 
possess temperature coefficients different from unity. Nevertheless, early obser- 
vations by Eder (1879) and by Guldberg^® indicated most of the then known 
photochemical reactions to have temperature coefficients close to unity. Bancroft 
and Allen disagreed and several reactions with higher values were brought 
forward by Plotnikow,^® who proposed to classify photochemical reactions into 
three groups with temperature coefficients of 1.04, 1.20 and 1.45, respectively. 
Most reactions were thought to belong to the first group. The second group con- 
tained a few reactions in which it was suggested that diffusion processes deter- 
mined the rate.^® The third group comprised chiefly those reactions in which 
halogens were the absorbers. In determining the temperature coefficient, the 
effects of a possible dark reaction had to be eliminated either by working at very 
low temperatures and with light of high intensity or by subtracting dark rates 
determined in separate experiments. This latter step assumed the principle of 
the additivity of the rates of light and dark reactions, a principle for which there 
is little present justification. 

The data at present available for a large number of reactions show the dis- 
tribution of temperature coefficients to be random, so that the Plotnikow classi- 
fication into three groups has lost significance. Furthermore, the idea that the 
halogens fall into a special class was disproved by Hertel,^^ who found that the 
temperature coefficient for the hydrogen-chlorine combination has different values 
when light of different wave-length regions is employed. With light in the region 
of the band spectrum of chlorine, the temperature coefficient is 1.48, but with light 
within the continuous region at shorter wave-lengths, it is 1.37. In the presence 
of traces of oxygen, the true values may be masked, since 1.12 was stated to be the 
temperature coefficient of the reaction under such conditions. 

It was early recognized that the temperature coefficient for a dark reaction 
should be expected to be higher than for a light reaction.^^ An indication of the 

^ Cited by Style, D. W. G., ^‘Photochemistry/* p. 69, Mctliuen, 1930, from Boll, M., Ann. Physique. 
25, 243 (1914). 

"»Coldbcra, K, Z. physik. Chem., 41, 1 (1903); Z. wiss. Phot., 4, S6 (1906). 

Bancroft, W. D., and Allen, R. P., Froc. Nat. Acad. Set., 15, 445 (1929). 

» Plotnikow, J., Z. physih. Chem., 78, 573 (1911). 

’•See for certain reactions in liquid systems, Bertboud, A., and Bellcnot, H., J. chim. Phys., 21, 
308 (1924). Abel, and Schmid, H., Monatsh., 61, 361 (1932), find the temperature coeiSicient of 
a streaming reaction smaller than that of a quiet one. 

•• For tabulations of temperature coefficients, see Plptnikow, J., “Allgemcine Photochemie,*’ 2nd 
Ed., de Gruyter, Berlin, 1936. Kistiakowsky, G, B., “Photochemical Processes,’* New York, Chemical 
Catalog Co., Inc, (Reinhold Publishing Corp.), 1928. 

»Hcrtd, E., Z. physik. Chem., 15B, 325 (1932). 

^ Bodensteisu M., Z. physik. Chem., 85, 380 (1913). 

^Bancrii, R. C., and Dhar, N. R., Z. anorg. allgem. Chem,, 134, 172 (1924); Chem. Abs., 18, 
MH ^1924). 
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relative mafnittides of the light and dark temperature coefficients for a number of 
reactions was given by Banerji and Dhar.^® The de<?ompos5tion of trichloracetic 
acid has a temperature coefficient of 3.0 in the light and of 4.28 in the dark. For 
the inversion of cane sugar they give the values 3.4 and 3.82, for the oxidation 
of sodium nitrite by iodine, 1.4 and 2.5, and for the action between oxalic and 
hydriodic acids 2.2-2. 5 and 2.98 respectively. 

Indian workers have devoted considerable attention to such determinations.®* 
In general, it has been found that the temperature coefficients of light reactions 
vary with the wave-length of the incident light, although the coefficients ate usually 
less than those of the corresponding thermal reactions. The greater the extent to 
which a reaction is accelerated by light, the smaller is the value of the temperature 
coefficient. Yajnik and Uppal were unable to find any relation between the 
temperature coefficients and ^le dielectric constants of the solvents employed. 

Temperature coefficients less than unity are very rarely encountered. They 
could be interpreted as meaning that the temperature coefficient of some dark 
inhibiting reaction in a chain mechanism is greater than that of the Chain- 
lengthening processes. 

The temperature coefficients discussed in the preceding paragraphs are those 
of the velocities of reactions, the light intensity being held constant. The results 
recounted have held little general significance. More important theoretically are 
the re.sults obtained when the amount of absorbed energy is maintained constant 
and the coefficients are computed for the quantum yields. Such values will differ 
from those of velocity measurements at constant incident intensity when the 
measurements are not made under conditions of total absorption if there is a 
dependence of the extinction coefficient upon the temperature. 

In some cases a complex formed in a solution absorbs some of the light, as 
for example, the triiodide ion in reactions involving oxidation by iodine. Tt) such 
a case, the light is partly absorbed by iodine and partly by the triiodide ion, only 
the former being effective. The amount of triiodide ion present depends upon the 
temperature Since the reaction for its formation has a temperature coefficient. 
Accordingly, the photochemical reaction will have a temperature coefficient for 
its quantum yield dependent upon a temperature coefficient of the efficient absorp- 
tion. Such reasoning may conceivably apply also to cases in which solvation of 
the absorbing molecule plays a prominent part. 

But there is a more fundamental sense in which the process of absorption may 
be attended by temperature effects —there may be a variation of the extinction 
coefficient of a substance with temperature. Tolman noted the possibility that 
a molecule might have to be raised to an energy state higher than that of the 
normal state before it would be capable of absorbing certain radiations. Other- 
wise stated, the probability of absorption might depend upon the original quantum 
state of the molecule. There is evidence that the absorption coefficients of gases 
possess temperature coefficients, v, Wartenberg 2® concluded that the absorption 
of longer wave-lengths by oxygen at 1800® C. gave evidence of being largely due 
to molecules possessing a considerable amount of internal energy.®^ However, 

« Mtikerji, B., and Dhar. N. R., 7. Phys, Chem,, 33, 850 (1929) ; Yainik, N. A., and Uppal, H. L., 
7. Indian Chem, Soc., 6 , 729 (1929); Chem, Abs., 24, 1035 (1930). 

"Tolmafi, R, C., 7. Am, Chem, Soe„ 42, 2506 (1920); 45, 228S (1923). 

»v. Wartenberg, H., Physik, Z,, 11, 1168 (1910). 

” See also observations on bromine by Riband, G., Ann. Physique, 12, 107 (1919), and on eblorlne 
by Dobbie, T. J., and Fox, J. J., Proc, Roy. Soc., 99A, 4S6 (1921) and by Kuhn, H., Z* Physik, 39, 
77 (1926). 
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the eifecJts of tcm|)crattire on lifht absorption arc generally insufficient to account 
for the temperature coefficients of photochanical overall reactions. Since elec- 
tronically excited states cannot be excited by thermal means, at least within the 
ten^rature ranges usually Under consideration, the possibility of getting excited 
states is limited to that of vibrational states. However, for most gases, the num- 
ber of molecules in any but the lowest few vibrational levels can usually be 
neglected. For this reason, the possibility raised by Tolman apparently is not of 
great practical significance. Young and Style have given a detailed discussion 
of the manner in which a study of the temperature coefficient of a reaction may 
give information as to its mechanism. According to Dhar and Bhattacharya,^® 
an increase in the absorption of light by a molecule is associated with increased 
chemical reactivity and a weakening of the binding forces. When a molecule 
becomes more reactive because of an increase in temperature or the presence of 
sensitiaers it is likely to absorb light more markedly. It has been reported by 
Dhar and Bhargava,®® that in certain cases, the light absorption of a mixture of 
substances may be greater than the sum of the absorptions of the separate sub- 
stances. The increased absorption is attributed to an activation of molecules by 
the presence of other molecules. Fast reactions are claimed to show greater light 
absorption than do slower ones. 

It is possible to eliminate the question of temperature effects on absorption 
when variations in the temperature coefficients do not occur in systems having a 
wide range of variation of the original concentration of the absorbing component. 
When effects due to a variation of the primary process with temperature can be 
eliminated, as is most generally the case, the temperature coefficients of the 
quantum yields of photochemical reactions give information regarding the 
mechanism of the secondary processes.®^ As such, they can best be discussed in 
connection with the individual reactions in which they are encountered. In gen- 
eral, it has been recognized that the temperature coefficients decrease as shorter 
wave-togths of light are employed.®® The use of shorter wave-length light 
usually gives an increased quantum yield but a smaller temperature coefficient, 
but exceptions are known. 

Most of the sources of a temperature effect of a quantum yield — diffusion, 
change in viscosity of a solvent, thermal activation of some one of the secondary 
reactions — ^would tend to produce definite values of some energy of activation at 
the temperature of measurements, or else would cause the calculated thermal 
activation energy for an intermediary process to decrease when determined at 
higher temperatures. Nevertheless, Kistiakowsky has found in two reactions — 
the oxidation of hydrogen and that of carbon monoxide, irradiated by an aluminum 
spark — ^temperature coefficients which increased with temperature. Style makes 
the suggestion that in such cases collisions of the products of some highly exo- 
thermic secondary reaction with the absorbing molecules may activate the latter, 
some thermal activation energy being required for this process. 

» Young, K. W., and Style. B. W. G.. Trans. Faraday Soc., 27, 493 (1931). 

»I)har, N. R., and Bhattacharya, A. K., Z. anorg, Chem., 176, 372 (1928); /. Indian Chem. Soc., 
U, 33, 311 (1934); Chem, Abs., 28, 3663, 6636 (1934). 

wphar, N. R.. and Bhargava, P. N.. Nature, 134, 848 (1934). 

^ Young, K. W., and Style, D. W. G., he. cit. 

saPadoa, M.. Atti accad. Lincei, 25 (II). 168. 215 (1916); 24 (II), 97, 828 (1915); Cars. chim. 
ital., 55, 87 (1925). 

** Kistlakowsky, G. B., Proe. JVo#. Acad, Set,, 15, 194 (1929). 

** Style, B. W. G., ^Thotochemistry/' Methuen, 75, 1930. 
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Kintktics Of Photochemical Reactions 

Many attempts to generalize regarding the rat^s of photochemical reactions 
have been ma4e, but these have not proved very profitable because of the great 
complexity of the individual processes encountered. Conditions affecting the rate 
of absorption of light introduce many variables not encountered in the study of 
the kinetics of thermal reactions. The speed of stirring may influence the rate 
when most of the light is absorbed close to the window through which it enters. 
Photochemical processes may be aided by, opposed by, or independent of simul- 
taneous thermal processes. The order of a given reaction conducted thermally 
may differ from that when it is conducted photochemically. 

Bodenstein believed the rate of absorption of light to be the principal factor 
controlling the velocity of photochemical reactions. The concentration of mole- 
cules other than the ones which absorb radiation was also recognized as an impor- 
tant factor. The simple law relating the rate of the reaction to the absorbed energy 
dx/dt^Klfn^^ is applicable only when the possibility of the transfer of the absorbed 
energy to other molecules by collisions is negligible.^^^ 

Wegseheider developed a series of kinetic expressions based upon the con- 
ception that the rate is proportional to the light absorbed in a localized volume 
of the reaction mixture, rather than to the amount absorbed within the total 
volume. He extended his mathematical treatment^® to the velocities of reactions 
with intermediary formation of excited molecules. Wegseheider believed the 
intensity of the light to enter the equation for the rate of formation of a product 
not as the first power, but as a power which gradually decreases to zero as the 
intensity decreases. The total absorption from the start of the reaction to the 
exhaustion of the absorbing component might, however, be independent of the 
intensity. He emphasized the possibility that the quantum yield might vary con- 
siderably during the course of a reaction, so that values determined over only a 
selected time interval might be more or less fortuitous. He noted also that only 
in cases in which the fate of the excited molecule follows a unimolecular law and 
the primary process is irreversible should it be expected that the quantum yield 
would be one. Recently, Wegseheider has treated several systems by taking 
into account the light absorbed by the solvent and the reaction products as well 
as by the reacting substances. It is obvious that the secondary processes may be 
so complex in the individual case and so varied from reaction to reaction that 
attempts at generalizations in regard to the kinetics of overall reactions are not 
likely to be successful. 

Several workers have attempted to classify reactions into those which are pro- 
portional to the first power of the light intensity and into those proportional to the 
square root of the intensity. From studies of nine inorganic reactions, Bhatta- 
charya and Dhar found two (those between chromic and oxalic acids and 
between potassium persulfate and potassium iodide) in accord with the first power 
law. The others were proportional to the square root of the intensity. They 
believed the latter to be the case for reactions with atomic oxygen as an inter- 

** Bodenstein, M., Trans. Faraday Soc., 21, 525 (1926). 

*• For the dependence of the velocity of a photochemical reaction on the intensity of inumtnation, 
see also Gaviola, E., Anaies assoc, quim. Argentina, 1$, 133 (1930). 

a’ Wegseheider, R., Ree. trav. chim,, 44. 1U8 (1925); Z. physik. Chem., 103, 273 (1922). 

» Wegacheider, R„ Monatsh., 51, 285 (1929). 

"Wegseheider, R., Monatsh., 62, 101 (1933). 

Bhattacharya, A. K,, and Dhaf, N. R., Z. anorg. Chem,, 175, 357 (1928); J. Indian Chem. Soc., 
6, 473 (1929). 
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mediate. They stated that if the reactaats exhibit marked absorption of Hght, the 
velocity of the reaction increases in proportion to, or more rapidly than in direct 
proportion to, an increase in the intensity of the light. For systems with but 
slight absorption of light, they considered the square root law to be valid. It was 
found possible in many cases to alter the rate of the dark reaction by the addition 
of accderators or inhibitors. By increasing the dark rate and exposing the 
system to radiation which could be only slightly absorbed, a true photochemical 
reaction proportional to the square root of the intensity of the incident radiation 
or to the amount of energy absorbed, could be made to become proportional to 
the first power of the intensity. On the other hand, a reaction proportional to the 
incident intensity or to its square could be made proportional to the square root 
of the intensity by decreasing the velocity of the dark reaction and so increasing 
the photochemical velocity. These observations were extended by Mukerji and 
Dhar to include some fifteen pairs of substances. In a few reactions (sodium 
formate and iodine, Rochelle salt and bromine, the oxidation of quinine sulfate 
by chromic acid) the rate was proportional to the square of the intensity. No 
relation was found between the velocity of reaction of oxalic acid with potassium 
permanganate and the intensity of the incident light. The other reactions studied 
fell into the two classes described by Bhattacharya and Dhar, who believe all true 
photochemical reactions (with negligible dark reactions) tend to be proportional 
to the half or lower power of the intensity of the incident radiation. 

Cases in which the rate appears to increase more rapidly than the intensity 
of the light are attributed by Bhagwat to the presence of inhibitors which are 
relatively less effective in retarding the reaction when the intensity of the light 
is high. Bhagwat and Dhar also assert that when the reaction velocity is not 
directly proportional to the light absorption, stirring will tend to increase the rale 
and (jecrease the temperature coefficient. However, when the velocity is directly 
proportional to the absorption, stirring will have no effect on the velocity of the 
reaction or the temperature coefficient. 

AUmand ^ found that if the product of the extinction coefficient and the thick- 
ness of the absorbing layer is very small, the quantum efficiency for any wave- 
length is inversely proportional to the square root of the rate of energy absorption. 
If the thickness of the absorbing layer is continuously increased from a very small 
value until it becomes great enough to make the absorption of the incident energy 
complete, the limiting value of the quantum efficiency is twice as great as that in 
thin layers. 

Recent work on chain reactions has indicated that in general the square root 
relation may be expected if the substance which acts as intermediary in carrying 
the chain is formed at a rate proportional to the intensity, hut does not hold when 
the intermediary substance is formed at a rate proportional to the square of its 
concentration.^® Since in many reactions the chains are carried by atoms liberated 
in the primary process and since these atoms are removed by three-body collisions 
involving two atoms, the first-mentioned conditions are frequently met. This 
accounts for the number of reactions for which the square root law has been 
found to hold with a fair degree of approximation. Bhagwat believes the square 

"Mukerji, B. K.. and Ohar, N. R., J, Phys. Chem., 32, 1308 (1928). 

^Bhafirwat. W, V., /. Indmn Chem. Soc., 11, 443 (1934); Chem, Abs„ 28, 7163 (1934). 

M Bhaerwat, W. V., and Dhar, N. R., J. Indian Chun. Sac., 9, 33S (1932); Chem, Abs., 27, 27 
(1933). 

"Atlmand, A. J., J. Chem. Soc., 1557 (1929). 

^ Style, D. W. G., ^‘Photochemistry,” p. 51, Methuen, London, 1930. 
bhagwat, W. V., 7. Indian Chem. Soc., 11, 443 (1934); Chem, Abs., 28, 7163 (1934). 
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root relationship is more likely to be observed in the region of high frequencies 
than in that of lower ones. 

Attempts to relate the rates of photochemical reactions to the dielectric con- 
stants of the solvents employed have not proved very profitable. Wintber^"^ 
found that, in the photooxidation of iodoform and the polymerization of anthra- 
cene in a series of solvents, tlie velocity in general decreased with increasing 
dielectric constant of the solvent, but this could not be confirmed by Yajnik and 
Uppal.^» 

The earlier investigations are replete with instances of photochemical induc- 
tion periods, or lags between the beginning of irradiation and start of reaction, 
and also of after-effects or a continuation of reaction after the close of the irradia- 
tion period. These efifects are no longer regarded as of great general significance, 
the many known examples being considered merely as features of the mechanisms 
of the specific reactions in which they are encountered. At present, induction 
periods are usually regarded as the times required for the photochemical destruc- 
tion of certain inhibitors present in small quantities.^® Reactions claimed to 
exhibit after-effects have been reported by Mukerji and Dhar.®^ It must be 
noted that in chain reactions the reaction does not cease instantly when the illu- 
mination is cut off, as the secondary reactions continue for some time until all 
chains are broken. Similarly, when the intermediary in the chains is being formed 
and a stationary concentration (at which formation and destruction of the inter- 
mediary are equal) is being built up, the rate of the overall reaction (which 
depends upon the rate of destruction) need not attain its full value. 

The influence of surface catalysts is of importance chiefly as they influence 
the recombination rate of free atoms or radicals, Coehn and Heymer®^ devised 
experiments in which hydrogen and chlorine were exposed to light without an 

opportunity of coming into contact with a solid surface. The lormation of 

hydrogen chloride under these conditions proves that the reaction does not depend 
on an initial catalysis at a glass wall. Chapman and Grigg have found the rate 
of this reaction to be less in capillary tubes than in wider ones. This is inter- 
preted as meaning that the reaction is carried out (see Chapter 18) by means of 
an unstable catalyst (hydrogen and chlorine atoms) the latter being formed by 
light ; these atoms are destroyed by recombination when they come in contact with 
glass. 

Although irradiation of a graphite catalyst almost triples the rate at which it 
decomposes hydrogen peroxide, the effect is smaller for irradiated lead peroxide 
and still smaller or even non-existent in the case of smooth or slightly platinized 
platinum.®® In the case of the decomposition at the surface of colloidal platinum, 

^'’^Winther, C., Tram, Faraday Soc., 2t, 595 (1926); see also Mathur, K. G, Gupta, R. S., and 

Bhatnagar, S, S., Indian 7, Physics, 2, 243 (1927). 

«« Yajnik, N. A., and Uppal, H. L., 7, Indian Chem. Soc., 6, 729 (1929); Brit, Chem. Abs, A, 
174 (1930); Chem. Ahs., 24, 1035 (1930). 

^Earlier points of view ate given by Pmkayaatha, R, M., J. Indian Chem. Soc,, 5, 721 (1928); 
Chem. Abs., 23, 2105 (1929). 

w» Mukerji, B. K„ and Dhar, N. R., /. Indian Chem. Soc,, 2, 277 (1925); 5, 203 (1928); Chem, 
Abs„ 23, 41 (1929); Quart. I, Indian Chem. Soc., 2, 277 (1925); Chem. Abs., 20, 1953 (1926). 

Coehn, A., and Hcymcr, G., Ba ., 598, 1794 (1926). 

Chapman, D. L., and Grigg, P, P., /. Chem. Soc., 3233 (1928). 

Pisarzhevskii, L. V., Korabel’nik, R. K., and Ruinskaya, E. S., Bull. acad. set. U.P.S.S,, Classe sci, 
math, nat., 931 (1934); them, Abs, 29, 2433 (1935). 
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the vdodty constant is the stun of those of the action of ultraviolet light and of 
the colloid separately on hydrogai peroxide.®^ 

Photochekical Effects of Intermittent and Polyc^cromatic Light 

The possibility of producing different effects by irradiating a system with a 
given quantity of intermittent or continuous light has been studied, notably by 
Padoa and Vita.®® In some reactions, they claimed to secure greater reaction 
velocities by the use of intermittent light. The light was obtained by employing 
rotating sectors with a continuous source. In some instances the yield at first 
increased with the number of alternations of the sectors and then decreased to a 
constant value.®® 

Alternations of two or more colors with no periods of darkness caused a greater 
dependence of the yield on the velocity of alternation. Pulsating monochromatic 
light was also employed in some of their work.®^ The augmentation in yield 
depended both upon the wave-length of the light and the frequency of interruption, 
the maximum interruption being 560 times per second. In the oxidation of ferrous 
iodide by the 4607A line, the velocity was doubled by the use of intermittent light. 
This maximum rate was said to occur periodically as the frequency of interruption 
was increased, the maxima appearing irregularly at interruption frequencies of 
32, 98, 138, 157, 202, 253, 270, 318, 357, 390, 450 and 513 per second. With green 
light, the yield ratio was lower (1.70), and the maxima fewer in number, occurring 
at 22, 259 and 532 interruptions per second. With yellow light the maximum 
ratio was 1.62 at 311 interruptions per second. Except at frequencies between 20, 
40 and 260-370 interruptions per second, the yield was unaltered by intermittent 
illumination with this light. Red light gave a maximum yield ratio of 1.37 at 472 
interruptions per second. The authors suggested that the periodic maxima might 
be due to the formation of active molecules which are the seats of adiabatic trans- 
formations, and that the life of these molecules is greater the greater their energy 
levels. Berthoud ®® was unable to confirm the existence of these maxima. 

Berthoud and Bellenot ®® and Briers, Chapman and Walters have used the 
rotating sector method in studying reactions whose rates are proportional to the 
square root of the light intensity, e.g., the oxidation of potassium oxalate by iodine. 
The rate of the reaction varies as the concentration (in a steady state) of an inter- 
mediary, here assumed to be iodine atoms. The latter were formed at a rate pro- 
portional to the intensity of the light and destroyed at a rate proportional to the 
square of the concentration of the intermediary. The concentration of the catalyst 
in the steady state can therefore be shown to be proportional to the square root of 
the light intensity. When the sector rotates so rapidly that the secondary processes 
continue throughout the interval of darkness the rate is independent of the speed 
of rotation. When it rotates so slowly that the intermediary is exhausted by the 
secondary processes during each period of darkness, or is materially lowered in 

wSuifkte, Y„ and Godnev. I. N.. /. Phys. Ckem. (US S,R.), 5, 32 (1934); Chem. Abs„ 2g, 
4971 <1934). For other reactions in which surface effects have been held to play a part, see Kondrat'ev, 
V., F, Pkysik, 48, 310 (1928) and Kautsky, II., de Bruijn, H., Neuwirth, R.» and Baumeister, W., 
Bfir., aSB, 1588 0933). 

“Padoa, M.. and Vita, N., Cm. chim. Ital., 57, 187 (1927). 

Padoa, M., and Vita, N., AtH II Congr. Nas. Chim Pura Applica., 1256 (1926). 

“Padoa, M., and Vita, N., Gas. chim. itaL, 58, 461 (1928). 

“Berthoud, A., /. chim, phys., 36, 444 (1929). 

“Berthoud, A., and Bellenot, H., Htlv, Chim, Acta, 7, 307 (1924). 

“Briers, F., Chapman, O. L., and Walter®, E., 7. Chem. Sac., 562 (1926). 

•^Briers, F., and Chapman, D. L., /. Chem. Sac., 1802 (1928). 
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conpentration during this period, the rate of the overall ruction will be lowered* 
By this method the life of the catalyst or intermediary has been calculated to be 
0.03 to 0.12 second. Similar effects were observed by Briers and Chapman®^ in 
the case of the photosynthesis of hydrogen bromide, the mean life of the intermediary 
being 0,063 second. 

Since truly monochromatic radiations are idealizations, all actual photochemical 
reactions are produced by the simultaneous action of more than one wave-length, 
even though these be but slightly different. Considerable work has been expended 
upon the effects produced by the simultaneous use of relatively widely separated 
wave-lengths, Plotnikow claimed that the rate of bromination of cinnamic acid 
in carbon tetrachloride solution when simultaneously illuminated by several wave* 
lengths was less, in the ratio of 100 to 158, than the sum of the rates of the 
individual reactions when the wave-lengths were employed separately. Padoa and 
Vita ^ reported a confirmation of this behavior ; they claimed also that the reaction 
rate does not decrease as the source is removed to greater distances to the extent 
demanded by the inverse square law. They reported a similar effect of complex 
light in diminishing the reaction rate of the decomposition of hydriodic acid, using 
5460 and 5790A.®^ The opposite effect was reported in the case of the hydrogen- 
chlorine combination and in the action of light on direct-printing photographic paper, 
although in the latter case the order of the application of the wave-lengths used 
appeared to be a deciding factor.®® Similar effects were also reported for the 
decomposition of ferric oxalate. 

On the other hand, Berthoud,®® who studied the oxidation of potassium nitrite 
by iodine in aqueous solution in yellow and blue light separately and together, found 
the effects to be purely additive. Winther stated that the Italian workers 
neglected the induction periods of the reactions studied, employed incorrect 
methods of determining the rate of liberation of iodine in the hydrogen iodide 
decomposition, and employed erroneous transmission values for the filters.®® It 
would appear that an interpretation of the Padoa experiments, assuming them to 
be correct, would imply that certain wave-lengths retard the effects produced by 
others. This raises the question as to whether any instances are known in which 
thermal reactions are retarded by light. Claims that such is the case were made 
by Chastaing and by Trautz."^® Details need not be given since re-examination 
of these reactions by Allmand and Maddison failed to confirm the existence of 
the retarding effect; this has since been admitted by Trautz. With Haas, how- 
ever, Trautz has recently claimed that blue light accelerates and infrared retards 
the oxidation of benzaldehyde. It may be noted that it has frequently been sug- 
gested that the biological effects of ultraviolet rays may be annulled, at least in 
part by infrared rays.”^® However, others have proposed that the two forms of 

Plotnikow, J., Z, phystk, Chem 79, 641 (1912). 

Padoa, M., and Vita, N., Gas chtm. ItaJ., 56, 375 (1926); Trans. Faraday Soc., 21, 573 (1926). 

«*Sec also Z. wiss. Phot., 28, 153 (1930); Vita, N„ Gazz. chim, Ital., 63, 223 (1933). 

Padoa, M., and Vita, N., Gas. chttn. Ital., 56, 164 (1926); Chetn. Ab$., 20, 2951 (1926); Gaz. 
chim. ital., 58 , 3 (1928). 

Berthoud, A., /. chim. phys., 26, 435 (1929). 

w Winther. C., Z. tviss. Phot., 31, 251 (1933); 33, 52 (1934). 

See also for further details of the contioversy Z. wtss. Phot., 32, 185 (1933). 

* Chastaing, P., Ann. Chim. Phys., 11, 145 (1877). 

TOTrautr. M., Physik. Z., 7, 899 (1906); Z. Elektrochem., 13, 550 (1907), 

Allmand, A. J., and Maddison, R. E. W., J. Chem. Soe., 650 (1927). 

“^sTrauU, M., and Haas, H, E., Z. wiss. Phot., 33, 81, 129 (1934); Chem. Abs , 29, 2869 (1935). 

Pech, J. L., /. med. Bordeaux, 10, 434 (1925). 
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radiation should be applied simultaneously.*^^ The Hersche! effect in photo^aphy 
Ifppears to be a case in which infrared radiations annul the effects of visible or 
ultraviolet radiations. 

Plotnikow’^® has called attention to reactions which appear to proceed at 
periodic rates when illumination is furnished by complex light. He believes the 
concentration of free halogen in solutions of either bromine or chlorine in carbon 
tetrachloride to undergo periodic fluctuations when irradiated for prolonged 
periods with complex, but not with monochromatic, light. 

WRdwley, C. D.. and Larsky, A. W., British P. 325,824 (1928). 
w Plotnikow, J., Z. Pkysik, 32, 942 (1925). 



Chapter 16 

Photosensitized Processes 

In photosensitized processes, the light which causes the reaction to proceed is 
absorbed, not by the reactants, but by some added substance which is capable of pass- 
ing on the absorbed energy, or a sufficient portion of it, to the reactants. The sitnplest 
of such processes are those in which atoms act as photosensitizers.^ Turner reviewed 
the earlier work on the excited systems formed when atoms absorb definite wave- 
lengths. Certain widely used terms regarding the nature of collisions in which 
excited atoms take part were introduced by Klein and Rosseland in 1921. ^ They called 
''collisions of the first kind’^ those in which a portion of the kinetic energy of two 
colliding atoms is expended in raising one of the atoms to an excited state. If, on the 
other hand, an excited atom loses a portion of its excitation energy during a colli- 
sion, it is said to undergo a "collision of the second kind.'' It was demonstrated by 
Cario and Franck that mercury atoms which had been excited by the absorption of 
radiations of the wave-length 2537A, a mercury resonance line, can undergo 
collisions of the second kind with thallium or sodium atoms. This means that 
during the collision the mercury atom passes some of its excitation energy to the 
atom with which it collides, raising the latter to an excited state. The excess ot 
energy possessed by the excited mercury atom over that required to excite the 
thallium or sodium atom is con\erted into kinetic energy of the atoms separating 
after the collision. The excited alkali atom then, after a brief period, drops back 
to its normal state emitting the line corresponding to the energy los* in the tran- 
sition from the excited stale attained as the result of the collision. The effect 
observed experimentally is that, when a mixture of sodium and mercury vapors is 
irradiated with a monochromatic ray which is absorbed only by the merairy, the 
mixture emits a ray characteristic of sodium. Turner found that in processes of 
this kind, the excited mercury atom usually drops to the longer-lived melastable 
state before colliding with other atoms, at least under certain conditions of pres- 
sure.^ Stuart’s experiments on the quenching of the resonance fluorescence of 
mercury by radiationless collisions with foreign gas atoms indicated the excited 
mercury atom to have a larger effective radius that it has in the normal state. 

The possibility that such collisions of the second kind of excited atoms with 
molecules might induce the molecules to enter reactions was soon recognized. 
Taylor, Marshall and Bates found that hydrogen could be made to combine with 
oxygen when the gas mixture which had been bubbled through liquid mercury 
at the ordinary temperature, is irradiated with the resonance line of mercury 

1 Turner, L. A., 7. Phys. Chem , 32, S07 (1928). For a detailed discussion, see Mitchell, A. C. G., 
and Zemansky, M. W., ‘"]ft.esonance Radiation and Excited Atoms,” Cambridge Univ. Press, 1934. 

® Klein, O., and Rosseland, S., Z. Physik, 4 , 46 (1921). 

« Cario, G., Z. Physik, 10, 185 (1922); Carlo, G., and Franck, J., Ibid., U, 161 (1922); 17, 
202 (1923). 

^ See also Donat, K,, Z. Pkysik, 29, 345 (1925); Wood, R. W., Proc. Roy. $oc. London, 1C€A, 
679 (1924). 

** Stuart, H. A., Z. Physik, 32, 262 (1925). 

« Taylor, H. S., Marshall, A. L., and Bates, J. R., Nahite, 117, 267 (1926); see also SenfUeben, H„ 
and Rchrcn, I., Z. Physik, 37, 529 (1926) for Oic discussion of water vapor. 
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obtained by the use of a cooled mercury arc. Suth a reaction could not be induced 
by this line in the absence of mercury vapor.® At high rates of gas flow, hydrogen 
perostide could be detected as a product of the reaction, and some mercuric oxide 
formed on the surface of the metaU Taylor ® reviewed the early work on this and 
many other gas reactions and claimed to have reduced carbon monoxide to for- 
maldehyde, methane and polymerized hydrocarbons by this method. Similar work 
was reported by Hirst.® Taylor, Marshall and Bates showed that the function 
of the mercury surface was merely to furnish mercury atoms, the reaction occur- 
ring in the vapor phase. Mercury atoms adsorbed on a copper catalyst are 
usually not activated sufficiently in the light of a mercury arc to cause a reaction 
between hydrogen and ethylene. 

In the mercury-sensitized, hydrogen-ethylene reaction, there are formed ethane, 
methane, propane and butane.^® Three primary reactions are postulated: 

(1) H. -I- Hg* Hg 4- 2H. 

(2) A splitting off of hydrogen from ethylene. 

(3) The opening of the ethylene double bond. 

The last reaction is possible since it requires less energy than that corresponding 
to the 4.9 volts or 1 12 kcal. of excitation energy of the mercury atom. Bates and 
Taylor^® extended the method to a wide variety of reactions, including many 
organic compounds. They found the excited mercury atom highly efficient in break- 
ing the linkings, H — H, N — H and O — H. The decompositions obtained were often 
many hundreds of times those obtained by exposure of the reactants to the com- 
plete ultraviolet spectrum of the mercury arc without the addition of the sensitizer. 
From this it followed that the energies of these bonds must all be less than 112 kcal, 
a conclusion substantiated by thermal data. In the breakdown of ammonia, the 
percentage of hydrogen in the reaction products was found to be be greatly in 
excess of that required had a simple decomposition to the elements occurred. It 
was therefore, suggested that the reaction occurs in stages, in such a way that 
some nitrogen-rich substance such as hydrazine can be formed. Mitchell also 
reported on the fluorescence of ammonia excited by collisions with excited mercury 
atoms. Bates and Taylor extended the investigation to sensitizations by cad- 
mium vapor, but Bates found that cadmium atoms excited to the 2*'^Pi state did not 
possess sufficient energy to effect the reaction between hydrogen and ethylene.^^ 
The possibility of such a reaction can at present be determined directly from the 
energy-level diagram of the atom proposed as sensitizer and from the thermally 
known energy requirement for the reaction in question. In general, it has been 
found to be true that collisions of the second kind are most probable when the 

• Dtckinsoti, R. G., Proc. Nat. Acad Set, 10, 409 (1924); Marshall, A. L., J. Phys Chem , 30, 
34, 1078 (1926). 

^ See also Bonhoeffer, K. F., and L,oeb, S., Z, physik, Chem., 119, 474 (1926), and Hirst, It, S., 
and Rideal, E. K,, Nature, 117, 449 (1926). 

■Taylor, H. S., Tranks. Faraday Soc., 21, 560 (1926). 

•Hirat, H. S.. Proc, Cambridge Phil, Soc„ 23, 162 (1926); Chem, Abs., 20, 2459 (1926). 

Taylor, H. S., Marshall, A. L., and Bates. J. R., Nature, 117, 267 (1926). 

iiRyerson, I-. H., Physics, 2, 70 (1932); for a recent summary, Norrish, R. G. W., Trans. Fara- 
day Soc,, 35, 21 (1939). 

« Olson, A. R., and Meyers, C. H., /. Am. Chem. Soc., 48, 389 (1926); 49, 3131 (1927). 

“Bates, J. R., and Taylor, H. S., Proc. Nat. Acad. Set., 12, 714 (1926); 7. Am. Chem. Soc., 49, 
2438 (1927). 

“See also Dickinson, R. G., and Mitchell, A. C. G., Proc. Nat. Acad. Sci., 12, 692 (1926). 

“Mitchell, A. G. G., 7. Am. Chem. Soc., 49, 2699 (1927). 

“Bates, J. R.. and Taylor, H. S., 7. Am. Chem. Soc., SO, 771 (1928). 

“Bates, J, R„ Proc, Nat, Acad. Scu, 14, 849 (1928). 
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oicrgry of the eaccitcd atom can be almost entirely consumed in the excitation of 
another atom or tite disruption of a molecule. Processes in which there is much 
excess energy of excitation to be converted into kin^tk energy are less probable. 
Apparatus for effecting gas reactions photosensitized by metal vapors has been 
patented, Among the reactions for which it was intended was the conversion of 
water gas into formaldehyde.^® 

It is a comparatively simple step from the consideration of these reactions to 
that of those in which the sensitizer is a molecule rather than an atom. Dhar and 
Mukerji and also Berthoud^^ discussed the use of chlorine as a sensitizer for the 
decomposition of ozone, and Taylor and Emeleus^^ considered photosensitization 
by means of ammonia. In such cases, one is dealing with dissociated and not 
excited molecules. The dissociation products can initiate chain reactions. Details 
of these processes will be considered in later chapters in dealing with individual 
reactions. 

Other Theories of Photosensitization.^s Many instances of photosensiti- 
zation by solids, as zinc oxide, have been described. Colloidal hydrous stannic 
oxide or ignited stannic oxide is said to enable sunlight to effect the oxidation of 
ammonia to nitrite or the reduction of nitrates to nitrites, and also to decolorize 
such dyes as methyl violet, methylene blue or brilliant green. The yields are 
very small.^^ 

Irradiation of a crystal of cadmium sulfide so alters the potential of its surface 
field as to lessen its ability to adsorb phenolphthalein from an alcoholic solution.®^ 

A novel theory of sensitized photolysis, developed by Baur to explain the 
action of zinc oxide or uranyl salts in promoting various photochemical processes, 
has also been extended to cover certain cases of sensitization by dyes. The 
sensitizer is thought to become on absorption of light a polarized molecule, com- 
parable to the two electrodes of an electrolytic cell.^^ In the case of uranyl salts, the 
absorption process is written: 

+ {3UVin 

In a more general form, it may be written: 

UVi + hy > I I® 

The displaced electrons return to their original state through a “molecular elec- 
trolysis,^' the energy for which is derived from the increase in the potential energy 
of the valence electrons attained during the process of light absorption. The 

G. Farbenindustrie A.*G., British P. 307,406, Feb. 11, 1927; 307,521, Feb. 11, 1927; Chem. 
Abs,, 23, 5112 (1929). 

^Sec also Frankenburger, W., and Steigerwald, C., German P. 513,461, Nov. 21, 1926: Chem. 
Abs., 25, 1303 (1931); Frankenburger, W., and Mayrhofer, IC, (German P. 528,040, Sept. 4, 1927 (to 
I. (}. Farbenindustrie); Buttolph, L. J., U. S. P. 1,844,421, Feb. 9, 1932 (to General Electric Vapor 
Lamp Co.). 

*®Dhar, N. R., and Mukerji, B. K., Trans, Faraday Soc,, 21, 645 (1926). 

Berthoud, A., Trans. Faraday Soc., 21, 554 (1926). 

® Taylor, H. S., and Emcldus, H, J., J. Am. Chem. Soc., 52, 2150 (1930). 

•Work on photosensitization has been reviewed by Farkas, L., Haber, F., and Harteck, P., Z. Elck- 
trochem», 35, 7ll <19k) and by Livingston, R., /. Chem. Ed., 11, 400 (1934). 

•Varadanam, C. L, and Rao, G. G., Current Sci.» 7, 231 (1938); Chem. Abs., 33, 1598 (1939). 

• Hedvall, J. A., and Gohn, G., Nature, 143, 330 (1939); note also Vartanyan, A. T., J, Gen. Chem. 
(U.S.S.R.), 8, 1098 (1938); Chem. Abs., 33. 4878 (1939). 

•Baur, E.. Helv. Chim. Acta, 1, 186 (1918); 12, 793 (1929); Z. Blehtrochem., 34, 595 (1928). 

•Burgher, K., Z. wiss. Phot , 24, 393 (1927). B^r has attempted to use his concept in explaining 
the assimilation of carbon dioxide by plants, Helv. Chim. Acta, 20, 387 (1937). 
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positive and negrative poles in the molecule act as anode and cathode in a kind of 
molecular electrolysis* Usings silver nitrate as cathodic depolarizer and sucrose, 
rfycine or glycerol as anodic depolarizer, the sensitizing action of the following 
ayes has been studied ; rhodamine B, eosin, saf ranine-G, phenosaf ranine, fluorescein, 
methyl violet, chromotrope-2R. The photolysis results in the separation of silver 
and the concomitant formation of oxidation products. Some silver was liberated 
in the binary systems, silver nitrate-dye, silver nitrate- sucrose, but a larger amount 
was set free in the ternary systems composed of dye and depolarizers. 

The sensitized photolysis very soon reaches a stationary state, apparently 
owing to the formation of a new anodic depolarizer which begins to compete with 
the existing depolarizer. The experiments with glycine and glycerol show that 
these substances can be further oxidized in this manner. 

The investigation of Burgher lends support to an inner polarization mechanism 
for sensitization. It may also be noted that in certain instances photosensitization 
may be ascribed to the absorption of light by complexes formed between the 
sensitizer and one of the reactants, neither of the components absorbing alone. 
Instances will be discussed in the treatment of specific reactions. 

The ability of a series of complex cobalt salts to sensitize the oxidation of 
potassium iodide, pyrogallol, benzidine, /^-phenylenediamine and other substances 
when both the substrate and sensitizer are irradiated, usually by the 3660A line, 
was studied by Watanabe.^® Of the nitro-cobaltic compounds, those which had 
two nitro-groups attached to the nucleus were most strongly affected by light. 
The oxidizing ability of the croceo-chloride {trans) was more photosensitive than 
that of the flavo-chloride (m), which showed oxidizing action even in darkness. 
The magnitude of the photoactivity of nuclei of the type Co(NH 3 ) 5 X was influ- 
enced by the coordinated acid radical in the order SCN>N 02 >C 03 >Cl. 

Mukerji and Dhar find that in photosensitized systems there is a marked 
increase in the light absorption not found in systems they believe to be photo- 
inhibited. Dhar and Bhattacharya suggest that the presence of a second 
reactant may sensitize molecules to radiation of longer wave-length. 

Relation of Fluorescence to Sensitization.'^^ An understanding of the 
nature of the photodynamic action of many fluorescent dyes upon living organisms 
(Chapter 42) and of the function of chlorophyll in the photosynthesis of carbo- 
hydrates (Chapter 43) depends upon the advances in our knowledge of the 
mechanism of photosensitization by these fluorescent substances. A much discussed 
recent question is whether the reactions effected by these agents are to be ascribed 
to their fluorescence or whether this property is merely an incidental phenomenon 
which may even lessen their effectiveness as sensitizers. Viale believed that, 
since the additions of foreign substances to dyes lessened both their fluorescence 
and their effectiveness as sensitizers, the fluorescence was in some manner respon- 
sible for their sensitizing action. West, Miillcr and Jette,*'® however, pointed out 
that any addition of ions in solution which tends to destroy an activated molecule 
will simultaneously destroy the ability of that molecule to impart its energy to a 
chemical reaction or to emit it as fluorescence. The addition of reactants, which 

Watanabc, A„ IttHUa Inst. Plant Biochem. Publ, 2, 129 (1936); Ghent. Abs., 30, 6650 (1936). 

Mukerji, B. K.. and Dhar. N. R., /. Indian Ghent. Soc., 5, 411 (1928); Ghent. Abs,, 23, 40 (1929), 

»» Dhar, N, R., and Bhattacharya, A. K., /. Indian Ghent. Soc., 11, 33 (1934); Brit. Ghent. Abs., 
1934A, 496. 

For <narlicr theoretical discussions, see Steigmann. A., Kolloid-Z., 44 , 173, 248 (1928) ; Z. wiss 
Phot., 26, 299 (1929). 

w Viale, a, Arch. ital. bioL, 73, 19 (1924); Ghent. Abs., 19, 2346 (1925). 

•SWest, W., Muller, R. H., and Jette, E., Proc. Roy. Soc. London, 121A, 294, 299, 313 (1928), 
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imy remove excitation energy by collisions of the second kind and thus render it 
available to the reaction, also decreases the fluorescence. Many believe that the 
primary process in the reactions underlying photod^mamic oxidations by dyes is 
the quenching of their fluorescence in solution by reactants.®^ Others, however, 
believe that, in general, photosensitized reactions in solution proceed rather by the 
use of energy absorbed in linkings or parts of the sensitizing molecule which never 
appears as fluorescence.^® 

The mechanism of the fluorescence of dyes and of its quenching has been the 
subject of much recent work. The advances in this, possibly the phase of photo- 
chemistry at present the most rapidly developing, have been summarized in a 
recent discussion of the Faraday Society/'*® Although the subject is still in a 
somewhat confused state, certain concepts have emerged, 

Pringsheim points out that fluorescence is the exception rather than the rule 
in organic molecules, most substances with large light absorption converting the 
energy thus acquired into heat by little understood mechanisms. He finds little 
known regarding tlie conditions that must be met in order that a substance in a 
condensed phase may fluoresce. One view is that, since the absorption of fluores- 
cent dyes lies in the visible region, the quanta gained by absorption are too small 
to initiate quenching processes and, therefore, can only be lost by fluorescence. 
This seems inadequate since a large number of dyes with visible absorption are 
not fluorescent. In the rare earths and uranyl compounds, the narrowness of the 
absorption bands has been held to indicate that the electron transfer process is 
well protected against fluorescence. Although this seems true also of chloropyhll 
and porphyrins, it does not apply to many dyes, such as uranin or trypaflavin, so 
that it is improbable that there can be a definite correlation between the fluores- 
cence of a compound and the width of its absorption bands. Furthermore, there 
seems to be no parallelism between the electrical conductivity of a dye and its 
fltiorescence, although it is true that, as in the case of fluorescent indicators, the 
absorption spectra and fluorescence may vary with the state of ionization of the 
dye. Weiss believes that all organic molecules with strong fluorescence have 
conjugated band sy.stems in which the excitation energy is not easily transformed 
into heat, or in other words, that there is no coupling between free electrons of 
these systems and the vibrations of the heavy particles. Mumm*^® regards the 
fluorescent substance as an intermediate state (resonance form) between two end 
structures. Absorption raises an electron to an excited state from which it drops 
to one of the end states with the appearance of fluorescence. This end structure 
then passes to the intermediate state with evolution of heat. He has applied this 
theory, developed for N-methyl-a-pyridones, to the fluorescence of barium platino- 
cyanide and to uranyl salts. 

A number of studies have been concerned with the measurement of the fluores- 
cence efficiency of dyes and other substances. Some materials, as Solid anthracene, 
have high efficiencies approximating unity. In various solvents, however, anthra- 
cene has maximal efficiencies which vary from 0,28 to 0.01. Bowen and Norton®® 

»*Noack, K., Naiurwiss., 14, 383 (1926); Chem. Ahs., 20, 2521 (1926); 21, 2011 (1927); Bhchem. 
Z., 183. 144 (1927); Gaffron, H.. Biochem, Z., 179, 157 (1926). 

“Shpol'skH, E., and Shercroet'ev, G.. /. Phys. Chem, (US.S.R.), 8, 640 (1936); Chm> Abs,, 31, 
2100 (1937). 

Trans. Faraday Sor., 35, IS (1939). 

w Pringsheim, P., Ibid., 35, 28 (1939). 

Mumm, O., Ber., 72B, 29 (1939). For an earlier discussion of theories of fluorescence, see Per- 
rin, F., Ann. Physique, 12, 169 (3929). 

» Bowen, E. J., and Norton, A., Trans. Faraday Sac., 35, 44 (1939). 
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fitid that the fluorescence eiSciency F depends on the nature of the fluorescent 
substance, the solvent, concentration of solute, temperature and concentration c of 

ki 

quencher. It may be expressed by — 7 -^- iji which and ^2 are constants. 

1 4 * k^C 

Many processes tend to lower the efficiency in solution. Some, such as an inner 
filtering action of some solute or of the solvent, or the formation of non-fluorescent 
compounds with the solvent, or the formation of aggregates,^^^ do not appear to be 
related to true <]uenching processes. The progressive introduction of halogens 
into such a dye as fluorescein diminishes the fluorescence; for this the somewhat 
misleading term ^‘internal quenching” has been suggested. 

True quenching of fluorescence in solution refers to a process in which the 
excitation energy absorbed by a certain percentage of the absorbing molecules may 
be transferred to other molecules before it can be emitted as light.*^ Two types 
have been distinguished. The quenching is said to be static when the quenching 
molecule is within the sphere of action of the fluorescent molecule during the 
absorption process. When the quencher must diffuse toward the excited molecule 
during its lifetime, the quenching is said to he diffusional. Many strong quenchers 
of dye fluorescence act in this manner. 

The quencher may be an inorganic ion, as studied by West, Muller and Jette,^^ 
a foreign molecule as oxygen, or even other molecules of the fluorescent substance. 
If the latter, the process of quenching (self- extinction) generally causes the 
fluorescence intensity to decrease with an increasing concentration of the dye. 
Self-extinction may be regarded as due to collisions of the second kind between 
like molecules. Kautsky,^® however, claims that this is incorrect and that self- 
extinction is due to a lengthening of the life of the excited molecules. This view 
is based chiefly upon observations of fluorescent solids which show increased 
phosphorescence with decreased fluorescence. Kautsky claims that in liquids long- 
lived states may be produced, although the phosphorescence lasts but 10“® sec. 
because of the greater ease of the conversion of excitation energy into thermal 
energy. Concentration quenching occurs at such low concentrations as 10““* mole 
per liter in the case of anthracene solutions. Pringsheim points out that this could 
scarcely be accounted for by energy resonance between excited and unexcited mole- 
cules. He suggests that it may more likely be related to a utilization of part of the 
«iergy in some photochemical change, the excess being converted into heat. In 
the case of anthracene, the reaction is the formation of dianthracene (Chapter 26). 
The self-extinction of fluorescence is also encountered in the case of the photo- 
chemical reactions of other hydrocarbons with condensed ring systems. 

Other molecules, e.g., non-fluorescent dyes, with absorption bands overlapping 
those of the fluorescent substance, act as strong quenchers. Many antioxidants,^^ 
phenols, amines and the iodide ion act as quenchers. In such cases, little is known 
of the mechanism of quenching. Most quenchers act only after many collisions 
and in some cases it is believed that the quenching is stepwise. Since the tem- 
perature has little influence, no activation seems necessary. 

In the Faraday Society discussion, D. D, Eley suggested that the magnetic 

Kortam, G., Z, physik. Chem., S3B, 1 (1936): 34B, 255 (1936); Lewschin, W. L., Acta Pkysico- 
cUm. USS.R.. 2, 221 (1935); Chem. Abs., 29, 7798 (1935). 

Franck, T. M., and Wawilow, S J., Z. Physik., 69, 100 (1931); Sveshnikov, B.. Acta Physicochim. 
U.R.S.S., 3, 257 (1935); 4, 453 (1936); 7, 755 (1937); Chem. Abs., 30, 3327 (1936); 31, 5681 (1937); 
32, 4880 (1938). 

<»We8t, W.. Muller, R. H„ and Jettc, E., Proc. Roy. Soc. London, 121A, 294, 299, 313 (1928). 
fXatitsky, H., and Merkel. H., Natnrwiss., 27, 195 (1939). 

, «icrriii, J., Compt. rend,, 184, 1097 (1927); Privault, Ibid,, 184, 1120 (1927). 
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effaet of $iich paramag^netk ions as Fc*+, Cn*^ may qtienoh the inoresoence 
of porphyrins by a magnetic predissociation process* Halide ions might also 
quench dyes by a predissociation process induced by their electric fields did their 
hydration envelopes not prevent the ions from approaching closely enough. Weiss^ 
however, showed that strong magnetic fields do not affect the fluorescence of dye 
solutions, and believed the halide ions to act by a radiationless transfer of an 
electron from the ion to the excited dye. This theory may he compared with the 
view of Hachkowskii and Terenin that molecules adsorbed on fluorescent solids 
quench by taking up free electrons from the solids to form negative ions. 

Weiss has developed his theory in considerable detail and employed it to 
interpret a number of experimental observations. The irradiation with a 1500- watt 
carbon arc of a methylene blue solution in the presence of the ferrous ion, causes 
a bleaching which is reversed when the irradiation ceases. 


light 

M B + 2Fe^^ + 2hr 

dark 


^ M 

leuco-dye. 


+ 2Fe^^'^ 


Although the iodide ion had no similar effect on methylene blue, it did cause 
a bleaching action, proportional to the square root of the light intensity, on Lauth^s 
violet and a slight one on eosin. WeiSs holds that when an excited dye mole- 
cule D* collides with an acceptor molecule or ion which has an electron in a level 
corresponding to that left vacant by the electronic shift in the dy©. excitation, 
the electron passes to the excited dye, forming the non-fluorescent excited D-. 


D* -f- Accep. D“ + Accept^ 

D* + I- :<i± D- + I 
D* + Fe** D- + Fo^ 

A quantum mechanical resonance between the states (D*, Accep) and D“, Accept) 
is assumed. The dye molecule with the electron thus acquired may then on com- 
bination with a proton form a semiquinone DH, two molecules of which react to 
form the leucobase and oxidized dye. 


D- 4- > DH 

2DH ^ DH. 4- D. 


It was possible to develop mathematical relations between the relative effectiveness 
of various halogen ions in quenching dye fluorescence and their electron affinities.*'^ 

The reactions described may also be used to explain the dye-photosensitized 
oxidation of larger quantities of ferrous ion, iodide ion or other acceptor, since 
when the semiquinone or leucobase has been formed, it can be reoxidized ther- 
mally to the dye by the air and thus be made capable of oxidizing more of the 
acceptor. 

It will be noted that this theory takes no account of any effect which oxygen 
itself may have upon the fluorescence of the dye.*® It has, however, been demon- 
strated that the fluorescence of chlorophyll or hematoporphyrin can be quenched 
by molecular oxygen, and cannot be quenched by acceptors, such as thiosinamine or 


^ HachkowskU, V., and Terenin, A., Acta Physicochim, U.R.S.S.t 7» S2l (1937). 

J., Trans. Faraday Soc., 32, 1331 (1937); 35, 48 (1939); Nature, 135, 648 (1934); 136, 
794 (193S); Weiw, J., and Fishgold, H., Z. physik. Chem., 32B, 135 (1936); Nature, 137, 71 (1936). 
*TSec also WeW, K., Z. physik. Chem., 30B, 69 (1935). 

*** Schneldcf , E., Z. physik. Chem., 2BB, 311 (1935). 
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isoatnyiaixiiiie. Such observations led Kautsky^® to propose a different theory 
of photosensitized oxidations according to which it is assumed that collision with 
an excited dye molecule raises an oxygen molecule into a metastable excited state. 
Gaifron disagreed with this (for further details see Chapter 44) and Franck and 
Levi suggested that the HO-^ molecule may be formed in the quenching process 
and subsequently react with an acceptor. Weiss suggests the possibility of the O* 
ion instead, believing its formation especially likely in the case of the collision 
of an oxygen molecule with an absorbed and excited dye such as trypaflavinc.®^ 

In his most recent work, Kautsky^^ studies particularly the phosphorescence 
of dyestuffs adsorbed on silica or alumina gels and maintained in an evacuated 
vessel* The phosphorescence is said to be quenched by oxygen independently 
of its pressure down to a few thousandths of a mm. The quenching of the fluores- 
cence, however, is said to depend upon the oxygen pressure, Kaulsky interprets 
these experiments as favoring the formation of metastable oxygen molecules, since 
he could detect their diffusion by the following method. A mixture of fine grains 
of silica gel with adsorbed sensitizer and larger grains of silica gel with adsorbed 
leuco-methylene blue became blue when the oxygen pressure was made just small 
enough to quench the fluorescence of the sensitizer. When both the sensitizer and 
the acceptor are adsorbed on the same surface, the diffusion })ath is shortened and 
in light the color becomes blue at pressures up to one atmosphere. Such a mixed 
adsorbate is regarded as representing a transition to the conditions encountered 
in solution. An essential feature of Kautsky’s theory is the phosphorescence, some 
oxygen-free solutions of sensitizers being reported to exhibit light for as long as 
10”® sec., after illumination, whereas the life of the usual excited state which causes 
fluorescence is only of the order of 10”® sec. This phosphorescence, the yield of 
which is small, is thought to occur only in regions where there is slight association 
of the dye molecules. This afterglow is thought to be due to metastal)le excited 
states of dyes capable of causing but weak fluorescence. The afterglow can be 
demonstrated by the addition to 20 cc. of acetone of two to four drops of a 0.006 
molar solution of any such efficient photosensitizers of oxidation as isoquinoline 
red, benzoflavine, eosin, hematoporphyrin, chlorophyll, erythrosin, phloxin or rose 
Bengal.®^ Strongly fluorescent compounds do not exhibit it under these conditions. 
A very small concentration of oxygen inhibits the afterglow, but the oxygen 
acceptors, thiosinamine and isoamylamine, have no effect. 

Scheibe®® suggests that in solution certain dyes may occur as polymers of 
several hundred molecules. The polymer may absorb many quanta simultaneously. 
This energy may be lost by fluorescence or by collision with a foreign molecule 
which may thus acquire a very large number of quanta, resulting in the formation 
of short-lived intermediate products at energy levels which could never he attained 
by the direct absorption of light. 

Claims of the existence of a negative photosensitization have been made. 
Milbauer®® observed that in the presence of 0.02, 0.2 or 1.0 mg. of the dyes Nile 
blue, Brilliant Green, Capri Blue, phenosafranine, fuchsin, pinacryptol green or 

^•Kautskyj H., and de Bruijn, H.. Natunviss., 19, 1043 (1931); Kautsky, H, Ber., 65, 1762 (1932); 
Trans. Faraday Sac., 35, 216 (1939), 

WGaffron, H., Biocham. Z., 264, 251 (1933); Ber., 68, 1409 (1935). 

®'- Franck, J., and Levi, H., Nafurwiss.^ 23, 229 (1935). 

Pringsheim, P., and Vogels, H., J. chim. phys., 33, 345 (1936). 

*®Kanteky, H., Trans. Faraday Soc., 35, 216 (1939). 

M Kautsky, H., Hirsch, A., and Flcsch, W., Bar., 68B, 152 (1935). 
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methylene violet per 10 cc., the rate of decomposition of an active methanol solu- 
tion containing 28.2 gm. per liter of sodium N-chlorD-/>*toluenesulfonamide is 
slower than in their absence, wlien exposed to intense visible light. Since simul- 
taneous experiments with these dye mixtures in darkness did not show a loss of 
activated chlorine, it was believed that a negative photocatalysis had been demon- 
strated. In the same range of concentrations, malachite green, pinacryptol yellow 
and methylene blue did not exhibit this phenomenon, for in darkness they consumed 
activated chlorine and were themselves decomposed. 

A more complete discussion of the phenomena of luminescence and phosphores- 
cence lies beyond the scope of this book, altliough in some instances ultraviolet 
radiations may be employed in eliciting these phenomena. Some developments of 
the earlier work in these fields led to significant work on the nature of the color- 
ation produced in alkali halide crystals by irradiation. These are discussed in 
Chapter 21. A general discussion of the mechanism of phosphorescence has been 
given by Pohl.®’^ A phosphor may be defined as an insulating crystalline material 
into which a minute trace of a highly refracting substance has been incorporated in 
the molten state. Excitation consists in the liberation of electron by photoelectric 
effects; luminosity arises from the return of such electrons to the normal state. 

Chemoluminescence. This phenomenon represents, in a way, the converse 
of a photochemical change or of a photosensitized reaction. It is a process in 
which light is evolved during the course of a chemical reaction; the efficiency is 
seldom more than 1 per cent. Limitations of space prevent the discur^ion of this 
topic. For recent discus.sions, see Kautsky,®® Nichols,^® Beutler/® and a report 
of the National Research Council.®^ 


Photochemical Reactions in Surfaces 

Recently an attempt has been made to develop the theory that the velocity of 
photochemical reactions conducted in mono- or multi-molecular layers the surface 
of a liquid depends upon the molecular orientation of the absorbing molecules.®^ 
Among the reactions studied have been the hydrolysis of stearic anilide spread on 
half-normal sulfuric acid, the decomposition of a-hydroxystearic acid with liber- 
ation of carbon dioxide produced by wave-lengths shorter than 2480A, the oxidation 
and hydrolysis of proteins, etc. The effects of traces of such sensitizers as nickel 
and copper and of inhibitors as potassium cyanide is, in some cases, pronounced. 

On glass of refractive index 1.5, invisible multilayers of barium acid stearate 
(containing equal parts of stearic acid and barium stearate in each) when irradi- 
ated by a high-pressure mercury arc showed intei'ference colors. Five minutes of 
irradiation of a 48-laycr film caused a loss of optical thickness which amounted 
to one layer.®3 The loss continued for several hours after the irradiation had been 
stopped, finally amounting to more than two layers. A similar change occurs in 
pure stearic acid layers, but barium stearate shows only one twentieth this loss. 


Pohl, R. W., Naturwiss., 477 (1928), see also Melville, H, W., Science Propress, 33. 527 
(1939); Leveren*, H. W., and Seita, F., /. Applied Phystes, 10, 479 (1939); Sytnposiimi on Lunu- 
nescence, Trans. Faraday Soc,, 35, 2 (1939). 
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It. is belfevted that radiations of 2300-2700A split the molecules of stearic acid at 
thfc attachment of the carboxyl group* 


PaOTOCHtMISTRY AND OPTICAL ACTIVITY 

There have been many attempts to prepare optically active substances by 
methocb such that the form with one configuration results in larger amount than 
its antipode* One of the first successful experiments was performed in 1930 by 
Kuhn and ICnopf*<^* It involved the use of circularly polarized light in causing the 
decomposition of (X-azidopropiondimethylamide. This compound has an absorption 
band at about 2900A with a strong anisotropic factor of 0.02-0.03.^^ When acted 
^pon in hexane solution by circularly polarized light of this wave-length, it under- 
goes decomposition of the azido-group, one stereoisomer being decomposed to a 
greater extent than the other. This is because the difference between the absorp- 
tion coefficients of the compound for right and left circularly polarized light is, as 
stated, about 2 to 3 per cent From the amount of nitrogen liberated, it was shown 
that the reaction follows approximately the Einstein equivalence law. The 
tmehanged dimethylamide can be separated from the reaction products by distilla- 
tion. When 40 per cent of the original racemic compound had been decomposed, 
the remainder showed in a 10-cm. polariscope tube a rotation of 4 0.78° when the 
irradiation had been conducted with d-circularly polarized light and of —1.04° 
when Z-circularly polarized light had been used. The order of magnitude of these 
effects was in agreement with theoretical predictions. Kuhn, with Braun had 
made earlier similar observations on ethyl a-bromopropionate in which near ultra- 
violet bands powerfully influence the optical activity. 

Important earlier contributions to the field of asymmetric synthesis employing 
circularly polarized light and magnetic fields were made by Cotton.®'^ In these 
experiments, active molecules were not, however, produced, as there resulted only an 
active arrangement of the molecules in a medium.®® Studies of the photodichroism 
and photoanisotropy of light-sensitive solid layers of a gelatin photographic emul- 
sion have been made by Weigert.®® The primary action in induced photodichroism 
is assumed to be the deformation of micelles held together by van dcr Waals 
forces. The form of the spheres detached within the micelles depends on the wave- 
form of the exciting light.*^® 

There have been other recent attempts to obtain a total asymmetric synthesis. 
Davis and Haggle reported the production of optically active trinitrostilbene 
dibromide by the photobromination of 2,4,6-trinitrostilbene by circularly polarized 
light of wave-lengths 3600 to 4500 A. As solvents, they used carbon tetrachloride, 
benzene, glacial acetic acid and nitrobenzene. The last was the most suitable. 
In every case the reaction mixture assumed an optical activity which increased 
to a maximum and then decreased slowly and finally disappeared as the reaction 


(1930); Z. physik. Chem., 7B, 292 (1930); Ber„ 

wThe theory of the relation between circular diebroUm and optical rotatory power wtlhin and with- 
out abBorptton bands previously developed by Kuhn, W., Z. physik. Chem . 4B, 14 (1929^ led tn 
this work. v ^ w 

«*Kuhn, W., and Braun, E., Naturwiss., 17, 227 (1929). 
w Cotton, A., Compt. rend,, 189, 6S7 (1929). 
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"“Weigert, R, Z. physik, Chem,, 3B, 377, 389 (1929); 4B, 83 (1929). See also Chapter 21 
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proceeded lo completion. Since the product on standing, whether in ordinary or in 
polarised light, loses its optical activity and since this cannot be restored by 
further exposure to polarired light, it was inferred that optical activity arises at 
the moment of the synthesis of the compound. The degree of rotation secured, 
although small (0.04®), was beyond the limit of error of the observations. The 
reaction is a chain, initiated by excited bromine atoms in which activated trinitro- 
stilbene molecules may or may not take part. In diffused daylight or in unpolar- 
ized. light, the reaction failed to form optically active material. Optically inactive 
trinitrostilbene dibromide is not rendered active by exposure of its solutions in 
nitro^zene to circularly polarized light. In these experiments, the circularly 
polarized light was obtained by reflecting the light of a glass-enclosed mercury arc 
Altered through blue cobalt glass at the polarizing angle from a plate of black 
glass and by passage through a thin sheet of mica. No optically active product 
could be obtained by the use of circularly polarized light of wave-length 5890- 
5896A. The formation of optically active material was also observed when chlo- 
rine reacted with trinitrostilbene in nitrobenzene solution in circularly polarized 
light of wave-lengths between 3600 and 4500A. The reaction was much faster 
than in the case of bromine but no greater activity could be obtained. Maximum 
rotations were obtained in about 45 minutes. 

Attempts of this sort had been previously made by Ghosh and Purkayastha 
in the bromination of stilbene and of cinnamic acid, but the formation of optically 
active materials was not described. They found for the same intensities, ordinary 
light and plane polarized light to be equally effective, and circularly polarized 
light slightly less so, In the decomposition of potassium manganioxalate, how- 
ever, it was slightly more effective than either non-polarized or plane-polarized 
light.*^^ 

By irradiating methyl (4-methylphcnyl) (/'-ethylphenyl)trimethylmethane with 
circularly polarized light of 4300A while introducing chlorine at 0®, Karagunis and 
Drikes claimed to have obtained an optical rotation of 0.1® When light (5890A) 
which lies within the absorption band was used, the opposite rotation appeared. 

Observations by Baly and Semmens regarding the action of plane polarized 
light in hydrolyzing starch in plant leaves stimulated a large amount of work in 
which it was attempted to show that polarized light is more effective than ordinary 
light in effecting various photochemical reactions. Whatever may subsequently 
be found in regard to the action of plane polarized light upon substrates the mole- 
cules of which are definitely oriented in surface layers, in solids or in biological 
structures, there is no reason to expect it to be more effective than ordinary light 
of equal intensity in effecting photochemical reactions in solutions in which the 
substrate molecules have a random orientation. It has been shown by Bhatnagar, 
Anand and Gupta that no differences are to be observed in the photochemical 
reactions by polarized and ordinary light between diammonium oxalate and mer- 
curic chloride or in the decomposition of alkaline hydrogen peroxide. 

Nevertheless, it has been claimed that polarized light produces changes in the 


« Ghosh, T, c., and Purkayastha, R. M., Quart. J. Indian Chem. Soc., 2, 261 (1925); Chem. Abs., 
20, 1953 (1926). 

Ghosh, J. C., and Kappantia, A. N., Quart. J. Indian Chem. Soc.^ 3, 127 (1926); Chem. Abe,, 
20, 3646 (1926). 

Karazutiis, G., and Drikes, O, Naturwiss., 21, 607 (1933); Chem, Ahs.^ 28, 144 (1934). 

E. C, C, and Semmens, E. S., Pfoc, Roy, Soc, London, VTB, 2S0 (1924). 

Bhatnagar, S. S., Anand. H. L, and Gupta, A. W., J. Indian 5, 4^ 

Abs., 22, 3840 (1928). Zhaltovskii, B. Bull, bxol. med. exptl V R.SS., 5, 493 

Abs., 33, 2544 (1939). See also Bhatnagar, S. S., Lai. R. B., and Mathur, K., Nature, 118, 11 (1926) 

for physiological effects claimed to be due to polarized light. 
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pharmacoioi^cal properties of a number of drugs not produced by irradiation with 
nou-polarized light. Irradiation of tincture of digitalis with polarized light was 
said to produce a deterioration as shown by a weakened pharmacological action. 
When ultraviolet light is used a further change or decomposition occurs and the 
tincture becomes more poisonous. With digitalis, it was claimed that circularly 
polarized light produced even greater deterioration than did plane polarized light. 
Macht and Krantz stated that in these experiments the test and control solutions 
were simultaneously irradiated with polarized and non-polarized light of equal 
intensity. 

On the other hand, Dailey and Benedict were unable to show that polarized 
light had any selective action in the decomposition of cocaine hydrochloride, when 
irradiation times of from one to twelve hours were employed. This is at present 
generally believed to be true of photochemical reactions of substances under con- 
ditions in which they are capable of free and random orientation. Other workers 
to deny the claims for a special effectiveness of polarized light have been Bunker 
and Anderson and Bond and Gray.®^ 

Phototropy 

This term refers to a change in color suffered by a solid on exposure to light, 
which is slowly reversed when the solid is subsequently kept in darkness. It was 
first observed, named and extensively investigated by Marckwald.^^ It is exhibited 
by over two hundred substances, but as yet little quantitative work has been done. 
An interesting feature is the occurrence of phototropic fatigue. 3,5-dihcnzoyl- 
2,4,4,6-tetraphenyltetrahydropyran, which is colorless in the dark, )>ecomes violet 
on exposure to light, especially that of short wave-lengths. It again becomes 
colorless after some hours or days in darkness. After ten such colorations and 
decolorations, however, it loses its phototropic properties and its melting point 
falls from 235-6° to 225° C.®*"* In solution, it is insensitive to light, and the colored 
form when dissolved yields colorless solutions. An occasional instance of photot- 
ropy in solution has, however, been reported. Singh observed a green color to 
develop in chloroform solutions of a-naphthylarninocamphor on exposure to direct 
sunlight, followed by a much slower reversal in darkness The coloration was 
accompanied by a large increase in optical rotation. The addition of a trace of 
sodium ethoxide prevented the appearance of the green color. The results were 
tentatively attributed to the formation of a compound from the keto and enol 
modifications. 

The phototropy of inorganic compounds of the type 2FlgS.HgX2 or 2HgS.HgX 
has been attributed to their dissociation into the simple component salts, recom- 
bination occurring in darkness with the reemission of radiant energy. 

w Macht, D. T.. and Anderson, W. T., Jr., J, Chem. 49, 2017 (1927) 

Macht, D. I., and Krantz, J. C, Jr., J. Am Pimm Atsoc., 16, 105 (1937). 

■w Dailey, H. T., and Benedict, H. C , J. Am. Chem. Soc., 51, 808 (1929) 
w Bunker, J. W. M., and Anderson, E. G. E., J. Biol. Chem 77, 473 (1928). 

® Bond, W. R., and Gray, E. W., J. Pharm. Exp. Therap,, 32, 351 (1928). See also for further 
details of the controversy, .Tones, W. N., Ann. Botany^ 39, 651 (1925); Baly, E. C C., and Sem- 
mens, E. S.. Nature, 116, 817 (1925); Semraens, E. f?.. Plant Physiol.. 1, 201 (1926); Nature. 117, 
821 (1926); Lord Rayleigh, Nature, 117, 15 (1926); Navez, A. E., and Rubenstein, B. B., J. Biol. 
Chem.. 80, 503 (1928). 

8*Marckwald, W., Z. physih. Chem., 30, 140 (1899). For reviews, see Gallagher, P., Bull. soc. 
chim., 29, 683 (1921) and Cfhalklcy, L., Jr., Chem. Rev.. 6, 217 (1929), Note also Bhatnagar, S. S., 
Kapur, r. L., and Hashmi, M. S., /. Indian Chem. Soc.. 15, 573 (1938); Chem Abs., 33, 3698 (1939). 

de Carvalho, A. P.» Compt. rend., 200, 60 (193J), 

Singh, B, K., Quart. 7, Mian Chem. Sot.. 1. 45 (1924); Chem. Abs.. 19, 935 (1925). 

64Rao, E* L., Varahalu, K., and Narasinihaswami, M. V., Nature, 124, 303 (1929). 
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Photoelectric Phenomena 

In 1839, Becquerel discovered that when one of two platinum or silver elec- 
trodes in dilute sulfuric acid is illuminated, an electromotive force is set up by 
the cell. That the conductivity of certain substances, notably selenium, is affected 
by light was, according to Bidwell 8^ discovered by Willoughby Smith in 1873. 
In attempting to explain an observation by Hertz 8® that ultraviolet illumination 
of a spark gap permits the passage of a longer spark, Plallwachs 8® discovered the 
emission of negative electricity from a surface irradiated by ultraviolet rays. As 
pointed out by Hughes and DuBridge,®^ these three phenomena are separate mani- 
festations of photoelectric processes, which all depend upon the ability of light 
to release electrons from matter. 

Historically, the photoelectric effect is of the greatest importance, since it was 
the study of this phenomenon which enabled Einstein to reveal the fact that the 
interaction between matter and radiation must be explained in terms of quanta of 
radiation. The theoretical structure of niodern photochemistry is based upon his 
introduction of the concept which led to the logical development of the photo- 
chemical equivalence law. On the other hand, the actual occurrence of a photo- 
electric effect as a part of the mechanism of photochemical processes is relatively 
unusual. That air and other gases may be ionized by ultraviolet radiations has 
long been recognized and at one time it was believed that photoionization might 
play an important role in photochemical processes. But when the amounts of 
energy required to ionize tlie molecules of various gases became known/ it became 
evident that the wave-lengths corresponding to ionization are generally fer shorter 
than those required to bring about most photochemical processes. Onh rays pass- 
ing through fluorite are able to ionize most gases. The rtquired thresholds range 
from 1300 A for nitric oxide to 760 A for nitrogen, the halogens having the values 
chlorine, 940A, bromine, 970A, and iodine, 1230A.®'^ 

Many investigations have been made of the effects of illumination upon the 
electrodes of electrolytic or voltaic cells, but these lie beyond the scope of this 
work. 

«« Becquerel, E., Compt, rend., 9, 145,, 561 (1939); for a recent review, see Stora, C., J, chim phys., 
34, 536 (1937). 

Bidwell, S., Phil. Mag., 20, 178 (1885). 

88 Hertz, H, Ann. Phystk, 31, 983 (1887). 

»HaUwachs, W.. Ann. Phystk, 33, 301 (1888). 

80 Hughes, A. L., and DuBndge, L. A,, ‘‘Pbotoelecti ic Phenomena, New York, McGraw-Hill Book 
Co., 1932. 

Einstein, A, Ann. Phystk, 17, 132 (19CS). 

0® Thomson, J. Proc. Cambridge Phil. Soc., 14, 417 (1907); Chem. Abs , 2, 1656 (1908). 

«»See Mackay, C. A., Phil. Mag., 46, 828 (1923); Morris, J. C., Jr., Phys Rev,, 32. 456 (1928); 
Hughes, A. L., and DuBridge, L. A., “Photoelectric Phenomena,*' p. 274, New York, McGraw-UIll 
Book Co., 1932. 



Chapter 17 

Reactions of Inorganic Gases: Hydrogen Halides 

In Chapter 14 it was shown that a knowledge of the spectrum of a gas is essen- 
tial to comprehending the reactions which it may undergo under the influence 
of radiations. Even when apparatus capable of revealing the finer structure of 
the molecular spectra is not available, crude spectrographs may furnish an 
indication of the wave-length regions within which the gas absorbs and will there- 
fore give some indication of the regions within which photochemical reactions can 
occur, A brief discussion of the manner in which absorption measurements are 
made will first be given. Then in the discussions of the individual reactions, the 
absorption spectrum of each of the components will be described in order that the 
findings of spectroscopy as to the nature of the possible primary processes may 
furnish a guide for a critical appraisal of the various speculations proposed in 
explanation of the reported observations on the kinetics of the reactions. 

The Measurement of Ultraviolet Absorption Spectra 
OF Gases or Liquids 

Since this is not a text of laboratory procedure, only principles and not details 
of technique will be mentioned. In general, the methods are similar to those 
commonly employed in the visible region. Ultraviolet light, from a spark source 
or hydrogen discharge tube, is divided into two parallel paths, one of which passes 
directly into the spectrograph; the other passes through a cell containing the gas 
or the solution the absorption of which is to be measured. (If the absorption of 
a solution is being studied, the first beam should pass through a cell containing 
the pure solvent.) The two spectra are then photographed side by side. Several 
exposures are made on adjacent portions of the photographic plate, the intensity 
of the comparison beam being varied to a known extent in each. Methods employed 
in photometers for decreasing the intensity of the comparison beam include the 
interposition of rotating sectors which vary in known manner the duration of inter- 
mittent exposures, the use of wire screens ^ or calibrated platinum wedges deposited 
on quartz, Nicol polarizing prisms or variations of the aperture admitting the com- 
parison beam (Spekker method of Adam Hilger, Ltd.). It would theoretically be 
best to secure the variation in intensity by varying the distance from the source, but 
this is not feasible when a photographic method is employed and it has rarely been 
used in other methods.^ 

In each of the series of double spectra, however obtained, there are located 
(visually or microphotometrically) the wave-length regions at which there is 
agreement between the intensity of the light passing through the absorption cell 
and that coming directly from the source. The wave-lengths corresponding to 
various positions along the spectrum arc determined by a simultaneously photo- 
graphed scale embodied in the instrument or located by the use of known lines of 
the source as landmarks. Most of the methods in common use, particularly for 

* C., Z . Wiss . Phot ., 22 , 125 (1923); Landsberg, G. S., Z . Physik , 4$, 106 (1927). 

K., Z . angew . Chem ,, 33 , 25 ( 1920 ). 
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work with solutions, involve merely a direct visual matching: of the intensities 
upon the pbotogfraphic plate variously illuminate4 

A method in which the light intensity was kept constant and the path of absorbent 
traversed, or the concentration of the absorbing solution, was varied, was introduced 
by Henri.® Refinements in this method have been introduced by de Lajdo/ A simple 
mjethod employing only a quartz spectrograph and no photometer has been employed 
by Loofbourow. Methods have also been devised employing but one beam of light, so 
that instead of matching intensities on a photographic plate, the energy of the beam is 
m^sured by a thermopile or, more usually, a photoelectric cell and accessory apparatus, 
with the absorption cell in the beam and without it. Among photoelectric spectrophoto* 
metric methods are those of Hogness, Zscheile and Sidwell.® Automatic recording devices 
have also been constructed. A continuous representation of the absolution curve of a 
rapidly changing system can be obtained by the aid of a cathode-ray oscillograph, accord- 
ing to Holiday and Stnith ’ The hne structure of the absorption spectra of gases is 
obtained by micrometric tracings of photographed spectra.® 

In absorption curve of a substance there is plotted against wave-lengths 
as abscissae the ratio of the light passing through the absorbing substance (/«,) to 
that incident upon it (/o). This ratio is given by the logarithmic relation 
la^/If^ — in which c is the concentration of a solution (or pressure of a gas). 
d the thickness of the absorbing layer and is a constant characterizing the absorp- 
tion of the substance at the wave-length in question. A plot of k against the 
wave-lengths gives graphically the absorption of the substance throughout the 
spectral range investigated, k is known as the absorption coefficient, and varies 
with the wave-length. The numerical value of k is obtained by ffividing the 
product cd into the natural logarithm of the ratio of la/K, In practice, most 
workers employ the more convenient common logarithms. The terms ‘‘extinction 
coefficient’^ and “absorption coefficient” are rather indis(;yiminately employed to 
designate the values obtained by the use of either logarithmic base. In general, 
German authors follow Kayser in using the term “absorption coefficient” for 
values based on natural logarithms and English workers follow Bunsen and Roscoe 
in using “extinction coefficient” for values based on the use of logarimms to the 
base ten. The distinction in terms is by no means universally observed. 


» See Ley, H, and Volbert, F., Z wiss. Phot, 23, 41 (1924). 

*dc Lazio, H.. /, Phys. Chem., 32, 505 (1928). 
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The Formation anb Decomposition of the Hydrogen Halides 

The Decomposition of Hydrogen Iodide. According to Rollefson and 
Booher,® the first mention of this reaction was by Lemoine.^^ Also, the reaction 
was early studied by Bpdenstein.^^ Warburg found a quantum yield of approxi- 
mately two for the wave-lengths 2070, 2S30 and 2820A. In Chapter 12 it was 
shown that this observation could be accounted for equally well by either the 
mechanism of primary dissociation proposed by Warburg or of primary excitation 
of the hydrogen iodide molecule proposed by Stern and Volmer. Attempts to 
decide between the two by Bodcnstein on the basis of kinetic measurements under 
varied experimental conditions, especially in the presence of foreign gases, were 
inconclusive. The data which eventually showed the correctness of the Warburg 
mechanism were predominantly physical and, as discussed in Chapter 14, came 
from the finding that the absorption spectrum of hydrogen iodide is continuous. 
At this point, we may consider in more detail the spectroscopic evidence regarding 
the absorption not only of hydrogen iodide but also of the products of the reaction, 
hydrogen and iodine, 

Tingey and Gerke found the absorption of hydrogen iodide to be entirely 
continuous and to begin at 3320A, corresponding to 86 kcal. ; Coehn and Stuck- 
ardt had previously placed this value at 3340 A. It has been generally assumed 
that the iodine atom produced in the dissociation is excited as in the case of the 
halogen from hydrogen chloride and hydrogen bromide. The energy of excitation 
of iodine is, from its atomic spectrum, 21.5 kcal. This, when subtracted from the 
energy corresponding to the long- wave threshold of the absorption spectrum 86 
kcal. leaves 64.5 kcal., in fair agreement with the heat of dissociation of HI into 
normal alx>ms, 69 kcal. Goode ve and Taylor calculated a potential energy curve 
for the tipper state from the eigenfunction of the ground state and their own 
observations of the extinction values. Rollefson and Booher found the absorp- 
tion to extend as far as 3900A at least, and gave evidence that at 41 20 A, dissocia- 
tion into normal atoms can occur; at 3 120 A, the iodine atom may be excited. 
Datta places the absorption limit at 4040 A. 

Hydrogen, The fact that hydrogen absorbs only in the extreme ultraviolet 
range eliminates this substance as an absorbing component which might affect either 
the dissociation of hydrogen iodide or the combination of hydrogen and iodine. 
Dieke and Hopfield^^ found that in a 100 cm. layer at pressures of 2 to 50 mm. of 
mercury, hydrogen does not absorb wave-lengths longer than 1115A. Below this, 
it exhibits two band systems, the members of both of which converge at 849.4A 
to a region of continuous absorption corresponding to dissociation into a normal 
and an excited atom. 

Iodine. Observations by Dymond-^ of the short wave-length limit of fluores- 

® Rollefson, G. K., and Booher, J. E., /. /fw. Chem. Soc., 53, 1728 (1931). 

^oLemoine, G, Ann. Chim. Phys., 12, 145 (1877). 

^Bodcnstein, M., Z. physik. Chem., 22, 23 (1897); 85, 329 (1913); Bodcnstein, M., and Lieneweg, 
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cence were important in establishing: the generally accepted interpretation of 
continuous spectra as indicative of dissociation. Iodine vapor mchibits bands which 
converge at 4989A to a continuous absorption region.^^ Fluorescence can be in- 
duced by wave-lengths longer than the convergence limit but cannot be observed 
in iodine vapor irradiated by wave-lengths within the continuous region* The dis- 
sociation produces a normal and an excited iodine atom.^^ 

Extinction values have been given by Vogt and Konigsberger 23 and, more 
recently, by Rabinowitsch and Wood.^^ The effect of varying the pressure of the 
iodine vapor has been studied by Perot and Collinet,22> and the influence of foreign 
gases on the color of iodine vapor reported by Wright and McGregor.^® The 
extinction coefficients drop off toward shorter wave-lengths in the continuous 
region. In the region below 2763A, iodine vapor exhibits a new region of banded 
absorption, the interpretation of which is not yet clear, 2^ 

By spectroscopic methods, Rabinowitsch and Wood 2 ® measure<l the quantum 
yield of the dissociation of iodine in the presence of foreign gases in three spectra! 
regions. If the yield is unity in the continuum, it is 1.14 in the band region 
immediately on the long- wave side, and 1.10 at a point in the band region further 
from the limit. This indicates that all excited molecules dissociate by collisions 
with foreign molecules. Therefore, the quenching of the fluorescence is not due 
to the process I 2 * + X 4- X, but rather to 12 ’*' *hX 1 + 1 + X. Quenching 

usually occurs at tlie first collision of an excited molecule with a foreign molecule, 
except in the case of helium which requires ten or more collisions before dissocia^- 
tion results. The atoms recombine mainly at the walls at low pressures. Under 
these conditions dissociation increases with the pressure. At higher pressures, how- 
ever, the recombination occurs as a homogeneous reactior iu the gas phase. The 
transition occurs sharply at 250 mm. in helium and 40 mm. in carbon dioxide. 
The dissociation is then pioportional to the sciuare root of the light intensity and 
to the inverse square root of the pressure, in accordance with the theoretical expres- 
sion for recombination by three-body collisions. One double collision in 530 is a 
recombining one in helium and one in 50 in carbon dioxide at atmospheric pres- 
sure. The efficiency of the third body increases with its molecular size and with 
the intensity of the molecular fields of the colliding particles. 

To decide between tlie mechanisms proposed (Chapter 12) for the decomposi- 
tion of hydrogen iodide, Bonhoeffer and Farkas 29 studied the reaction at low 
pressures at which, were the reaction due to excited molecules, some re-radiation 
of the energy of excitation would be expected since the period between deactivating 
collisions would be longer than the life of the excited state. Since they could 
detect no fluorescence, it was concluded that the mechanism of Warburg (dissocia- 
tion) must apply, h'urtherniore, exposure to light resulted in a fall of pressure 

^^Mecke, R., Ann Phynk, 71, 104 (1923); Brown, W. G., Phys. Rev., 38, 709 (1931). 

^Turner, L. A., Phys. Rev., 27, 397 (1926). 

^ Vog:t, K., and Konigsbergrer, J , A. Physik, 13, 292 (1923). 

Rabmowitsch, E., and Wood, W. C., Trans. Faraday Soc., 32, 540 (1936). 

Perot, A., and Collinet, M., Compi. tend., 180, 2030 (192S). 

Wright, R., and McGregor, T., J. Chem. Soc., 1364 (1929). 

Pringflheim, P., and Rosen, B., Z. Physik, 50, 1 (1928); Sponer, H, and Watson, W., Ibid., 50, 
184 (1929); Kimura, M., and Miyanishi, M., Set. Papers Inst. Phys. Chan. Research Tokyo, 10, 
33 (1929). Further recent data on the absorption of iodine, particularly in the long-wave regions, have 
been given by Hirschlatf, Z. Phystk, 75, 315 (1932); Agaroiceanu, Cofnpt. rend., 194, 702 (1932); 
Kondratjev, V., and Pdak, L., Physik. Z. Sowjetunton, ^ 764 (1933) : Skorko, E., Acta Phys. Polomca, 
3, 191 (1934); Warren, D,, Phys. Rev., 47, 1 (1935). The Budde effect differs from that of the other 
halogens in being proportional to the light intensity rather than to its 0.5 power. Narayana, T. 
Indian I. Physics, 9, 111, 117 (19.34); Chem, Abs., 7^, Z%A7 (1935). 

^ Rabinowitsch, E., and Wood, W. C , 7. Chem. Physics, 4, 358, 497 (1936). 

Bonhoeffer, K. F., and Farkas, L., Z physik. Chem., 132, 235 (1928). 
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which could be attributed only to the adsorption of free iodine atoms on the walls 
of the vessels* The same fall in pressure was also observed dtrringf the irradiation 
of hydrogen bromide* 

Wave-lengths between 3000 and 2200A cause the complete decomposition of 
hydrogen iodide**® The velocity is independent of temperatures below 120®C; it 
is lowered by addition of either iodine vapor or of an excess of hydrogen. At 
ttie beginning of reaction, the velocity remains constant for a time, then falls to 
that of a tmimolecular reaction, and later falls again. The falling off in the rate 
toward the end of the decomposition is hastened when the initial pressure of 
hydrogen iodide is high and the temperature low. The initial reaction velocity 
appeared to increase approximately in proportion to the initial concentration of 
hydrogen iodide. Quantum yields somewhat higher than those of Warburg have 
been reported by Lewis, his values being 2.36 for the 2080A and 2.35 for the 
2530A zinc lines. The product of the intermediate reaction H + HI H 2 + 1 
is 25 per cent para-hydrogen at room temperatures. At 170^Abs. the hydrogen 
produced contains 2 per cent more para-hydrogen than does normal hydrogen. 

Studies of the photochemical combination of hydrogen and iodine have been 
made by Coehn and Stuckardt,*^ who found diat reaction can occur only in the 
ultraviolet region, and by Sasaki and Nakamura.*^ The latter workers found no 
combination could be induced by radiations longer than 3 100 A. It is suggested 
that hydrogen atoms may be produced by collisions of the second kind between 
hydrogen molecules and iodine molecules excited by the absorption of the 1800 A 
line, although dissociation of iodine might be expected. The production of hydro- 
gen atoms is essential that the reaction may go at ordinary temperatures since the 
reaction 1 + H 2 HI •!' H is too endothermic to proceed. There is some evi- 
dence that the photocombination occurs under the influence of visible light at 
temperatures of 430-466°C.*'‘ 

Other Halogen Hydrides.*® Berthelot and Gaudechon found that, as in 
the case of thermal decompositions, the stabilities of the hydrogen halides in light 
decrease with increasing atomic weights of the halogens. Those substances which 
require high temperatures for thermal decomposition require the shortest wave- 
lengths in the ultraviolet. For the decomposition of hydrogen chloride, wave- 
lengths shorter than 2000A are required to produce even a slow decomposition. 
Under similar conditions, hydrogen bromide is rapidly and completely decom- 
posed. Coehn and Stuckardt effected reactions of hydrogen halides from both 


Table 19. — Photostationary States of Hydrogen Halides. 


Acid 

Hydriodic 

Hydrobromic 

Hydrochloric 


In quartz In Uviol glass 

(2200A) (2500A) 

922 100 

100 about 20 

0.42 0 


tn Tcna glass 
(3000A) ? 

100 

0 

0 . 


wTrautz, M., and Scheifele, B., Z. wiss. Phot., 24, 177 (1926). 

Lewis, B,, Proc. Nat Acad. Set., 13, 720 (1927); J. Phys. Chem , 32, 270 (1928). 

** Coehn, A., and Stuckardt, K., Z, physikat. Cketn,, 91, 722 (1916). 

*• Sasaki, N., and Nakamura, K., Anniversary Volwne Dedicated to M. Chikashige {Kyoto Imp. 
Vniv,) 299 (1930); Chem. Ahs„ 25, 2921 (1931). 

Lewis, B., and Rideal, E. K., /. Am, Chem. Soc,, 48, 2553 (1926). 

Almost no work has been reported on the combination of hydrogen and fluoime. Sec, however, 
Bodenstein, M., and Jockersch, H., Z. anorg. Chem., 231, 24 (1937). 

»• Berthelot, D., and Gaudcchon, H., Compt. rend., 156, 889 (1913); J. Chem. Sor , 104 (II), 369 
(1913). 

<^lCoehn, A., and Stuckardt, K., Z, physik. Chem., 91, 722 (1916) j Chem. Abs., 11, 749 (1917). 
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sides of the equilihtitim in vessels of quartz, Uviol glass and Jena glass. These 
glasses roughly delimited three spectral ranges. The percentage decomposition 
of each acid at equilibrium is listed in Table 19, 

The reactions of hydrogen bromide are very well adapted for the presentation 
of the method devised by Bodenstein for the treatment of the kinetics of photo- 
chemical reactions in general and will be discussed in detail as representative of 
the methods employed in studying photochemical mechanisms. The case of 
hydrogen chloride is so complicated that a separate chapter is devoted to its con- 
sideration, Before proceeding to a consideration of kinetics, the essential data on 
the absorption spectra of bromine vapor and hydrogen bromide will be presented, 
Absorption of Bromine. In the visible range there is absorption from about 
6000 A to 3500 A, the maximum occurring at about 41 00 A.®® Bands from about 
S700A converge to a limit at 5107A.®® At shorter wave-lengths the absorption is 
continuous, implying a dissociation into a normal atom and one in a metastable 
state with excitation energy of 10.5 kcal.'*<^ In the ultraviolet region, bromine 
vapor at higher pressures exhibits a continuous region from 2700A to the limit 
of observations at 1560A.^^ Brown has found another band region between 
7500 and 6400A, the bands of which apparently converge to a limit indicative of 
dissociation into two normal atoms. (A dissociation energy of 45,2 kcal. corre- 
sponds to 6290A,) Other absorption studies were made by Barratt and Stein, 
Nakamura, and Hays,"*® The excitation of fluorescence within the range 5000- 
5600A has been studied by Daure.^® Wave-lengths in the continuous band below 
SOOOA excite no fluorescence. 

Absorption by Hydrogen Bromide. Hydrogen bromide absorbs continuously 
in the shorter ultraviolet^^ Tingey and Gerke found continuous absorption to 
begin at a wave-length which varies with the mass of gas studied, approaching 
2640 A as a limit as the mass of gas is increased. Coehn and Stuckardt had given 
2650 A. The absorption limit was unaffected by temperature over the range 25® 
to 400® C. Datta, however, placed the long- wave threshold at 3260A. The for- 
mation of free atoms has been established by Bonhoeffer and Farkas.**® Goodeve 
and Taylor believe the molecule dissociates into atoms in normal states. Trivedi^s 
spectroscopic value for the dissociation energy is 92 kcal.®^ There have been but 
few studies of the decomposition of hydrogen bromide but the work of Warburg 
is so conclusive that it is generally accepted that the primary process, as in the 
case of hydrogen iodide is one of photodissociation. The quantum yield is 2.08 
at 2070A and 2.00 at 2530A. 

Combination of Hydrogen and Bromine. At ordinary temperatures, this 

ssBovis, p,, /, Phys. Radium, 10, 267 (1929); Kuhn, IT., Z. Physik, 39, 77 (1926). 

Brown, W. G., Phys. Rev., 38. 1179 (1931). 

<0 Turner, L. A., Phys. Rev., 27, 3 97 (1926). 

«Corde8, H., and Sponcr, H., Z. Physik, 63, 334 (1930). 

Brown, W. G, Phys. Rev., 39, 777 (1932). For the absorption of liquid bromine, see 'Porret, D., 
Proc. Roy. Soc., A162, 414 (1937). 

** Barratt, S., and Stein, C. P., Proc. Roy. Soc., 122, 582 (1929). 

"Nakamura, G., Mem. Coll. Sci. Kyoto, 9, 335 (1926); Chem. Abs., 21, 2431 (1927). 

"Hays, M. B., /. Frank. Inst., 208, 363 (1929). 

"Daurc, P.. Compi. rend., 183, 31 (1926). 

^ Coehn, A., and Stuckardt, K., Z. physik. Chem.. 91, 737 (1916) ; Warburg, E., Berlin Akod. Bet., 
314 (1916); 300 (1918); Datta, A. K., Z. Physik, 71, 404 (1932). 

"Tingey, H. C., and Gerke. R. H , Am. Chem. Soc., 48, 1844 <1926). 

" Bonhoeffer, K. F., and Farkas, E., Z. pkystk. Chem., 132, 235 (1928). 

«K» Goodeve. C. F., and Taylor, A. W. C„ Proc. Roy. Soc., A152, 221 (1935). 

wTrivedi* H., Proc. Natl. Acad. Sci. India, 6, 29 (1936); Chem. Abs., 30, 4760 (1936). 

M Warburg, E., Berlin Akad. Ber., 314 (1916); 300 (1918), 
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reaction occurs to but a very slight extent, Pusch®* finding that the absorption 
of a thousand quanta produces only one molecule of hydrogen bromide* At tem- 
peratures of 100® to 200®C., Kastle and Beatty®^ found a reaction to occur. At 
still higher temperatures (200-300®C.) a thermal reaction occurs in the dark. 
The kinetics of the dark reaction have been studied by Bodenstcin and Lind.^® 
Interpretation of this reaction given by Christiansen,®® Polanyi and Herzfeld 
involved the thermal dissociation of bromine into atoms.®® 

From the absorption data, it is evident that the photoreaction also proceeds by 
a mechanism involving free bromine atoms. That the quantum yield exceeds two 
only at high pressures of hydrogen and that the hydrogen-bromine mixture is insen- 
sitive to light at ordinary temperatures are explained on the basis that the reaction 


Br + H, 


HBr + H 


is endothermic. The necessary activation energy can be supplied only thermally at 
high temperatures. 

Bodenstein and Lutkemeyer studied the reaction rale spectrophotometrically 
by measuring the disappearance of the bromine. They employed temperatures of 
160-218°, and irradiated the mixture with moderately intense light from a tungsten 
arc. The combination takes place with a velocity about 300 times as great as that 
of the dark reaction at the same temperature. They found also that, under con- 
ditions of weak absorption and at the beginning of the reaction, the rate of forma- 
tion of hydrogen bromide was proportional to the concentration of hydrogen and 
to the square root of the bromine concentration and the square root of the absorbed 
energy. When absorption is complete, and in later stages of the reaction when a 
stationary concentration of bromine atoms has been reached, the rate of the 
reaction is expressed by 


dt 


2k, (Hs) 


4 


No. of quanta absorbed 


k. 


1-b 


^4(HBr) 


The various k values employed refer to the rate constants in the numbered equa- 
tions which can be set down for the primary process and for tlie reactions of the 
products of this reaction with all other substances present. In this case these 
reactions are 

1. Bra-f-Ax* » 2Br 

2. Br -f H, > HBr + H - 16.2 kxal. 

3 . H - 4 - Br, ^ HBr -f Br -f 40 5 

4. H -b HBr > H, + Br + 16.2 

5. Br -f Br > Br, 4* 45.2 


Punch, L., Z. Elektfochcm., 24, 336 (1918). 
wKantlc. J. H., and Bcattv, W. A., Am Chrm. J.. 20, 159 (1898). 

®®Boden9tem, M., and Lind, S. C., Z, phvsik. Chem , 57, 168 (1906). 

Christiannen, J. A, KfiL Datjske Videnskab Sefskab, Maih-fys. Medd., 1 , 14 (1919); Chem. Ahs,, 
14 , 1085 (1920). 

w Polanyi, M., Z. FJektrochem., 26, 50 (1920). 

»» Herzfeld, K. F., Z. Elektrochem., 25, 301 (1919); Ann, Physik, 59, 635 (1919). 

® See, however, Skrahal, A., Ann. Physik, 82, 138 (1927). 

Lewis, B, and Bidcal, E. K., 7. Am. Ch^tm. Soc., 48 , 2553 (1926). Compare the analogous 
chlorine reactions in the next chapter. 

^ Bodenstein, M., and Lutkemeyer, H,, Z. physik. Chem., 114 , 208 (1924). 
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The plausibility <ii each of the secottdary reactions is then considered. Exothennic 
reactions are always admitted, although in the case of certain recombinations of 
free atoms the reaction is not possible except as a resuit of three-body coUisiohs 
involving a foreign inert gas or a wall reaction. Endothermic reactions are 
excluded or admitted, depending upon the possibility of securing the necessary 
activation energy thermally in a reasonable fraction of collisions at the tempera^ 
ture of the reactants. 

The intermediate producth are considered to exist (except at the beginning of 
the irradiation period) in stationary concentrations, reactions leading to their 
removal summing up to a removal rate equal to the sum of the rates of the reactions 
by which they are formed. Thus, in this case, 

d(Br) 

— — = 2^x(Br,) + ^a(H) (Br*) + ^^(H) (HBr) 

at 

= r= (Ha) -f 2^5(Br“) 

at 

Similarly, for the stationary concentration of H atoms, 


k,(lrl) (Br.) = k,(U) (HBr) + ifea(Br) (Ha). 

Solution of these simultaneous equations makes it possible to express the stationary 
concentrations of the bromine atoms and of hydrogen atoms in terms of rate con- 
stants and the concentrations of hydrogen, bromine and hydrogen bromide mole- 
cules. Thus, by subtracting the second from the first equation and solving for 
(Br), the value ki/k^ (Br 2 ) is obtained. Solving the second equation alone gives 
for the hydrogen atom concentration 

^a(Br) (Ha) 

^’s(Bra) 4 >fe4(HBr) 


and by substituting in this the value just found for the bromine atom concentra- 
tion, the stationary H atom concentration becomes 


[H] = 



A'3(Bra)+^4(IIBr) 


The secondary reactions leading lo the formation of hydi*ogen bromide are 
next summed up and those leading to its destruction deducted. 


d(HBr) 

rr: k^^r) (Hs) + ^a(H) (Br.) -- ^ 4 (H) (HBr) 

dt 


By substituting the calculated values for the stationary states of hydrogen and 
bromine atoms and simplifying algebraically, it is then possible to arrive at an 
equation which will express the overall kinetics of the reaction. In this case the 
equation is 


d(HBr) 

dt 


2k*(H.) 



(Br.) 


^4(HBr) 


^a(Br.) 
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In ctertying this ©depression the formation of bromine atoms was assumed to oocur 
thermaHy* When formation oceurs by the absorption of light as in equation (1), 




in which n 




the stationary concentration of bromine atoms is given by (Br) = 

is the number of quanta absorbed per second. In the final equation the radical 

-(Br 2 ) must be replaced by The final result agrees with the observations 

of Bodenstein and Lutkemeyer that the rate is proportional to the square root of 
the light intensity at complete absorption. In this expression, it is implied that at 
the start of the reaction, before hydrogen bromide has formed to an appreciable 
extent, the denominator becomes unity and the rate is proportional to the hydrogen 
concentration and tlie square root of the light intensity. This was observed. 
Furthermore, if not all of the light is absorbed, the rate also is proportional to 
the square root of the concentration of the absorbing component, bromine. This 
also was observed. An examination of the derivation of the rate equation reveals 
why it is that in reactions involving the dissociation of a molecule by light, the 
square root of the intensity (or of the absorbing component concentration) so 
frequently enters the rate expression. It may be noted that in the case of this 
reaction the derivation was made on the basis of a mechanism for the dark reaction, 
which was found to give agreement with the expression for the kinetic data of 
Bodenstein and Lind for the thermal reaction;®^ the necessary modification to 
make the equation express the photochemical reaction was made subsequently by 
Bodenstein and Lutkemeyer. The effect of hydrogen bromide in retarding the 
reaction, as indicated in the denominator, is due to its ability to remove hydrogen 
atoms by reaction (4). The greater speed of the photochemical reaction is due 
to the greater stationary concentration of bromine atoms produced by light as 
compared to those produced thermally at the same temperature (in the range 
studied). The temperature coefficient of the photoreaction was found to be 1.5 
and that of the dark reaction 2.0. From the similarity of mechanisms it was found 
possible to calculate cither temperature coefficient from the other. The value of 
this coefficient for the photoreaction is due to reaction (3) ; the temperature 
coefficient of the dark reaction involves also the thermal dissociation of bromine 
molecules. The value of 1.5 for the light reaction indicated an activation energy 
of 17.6 kcaL 


The second term in the denominator of either the photo- or thermal reaction 
rate equation involves a ratio of k^/k^. In the thermal reaction this is about 1/10 
and independent of temperature. Bodenstein and Jung®^ found the ratio 1/8.4 
for experiments both in strong light at room temperature and at 302^ in darkness. 
This independence of the ratio over a wide temperature range indicated that 
reactions (3) and (4) require no activation energy. The heat of a reaction is 
the difference between the activation energies of the forward and reverse reactions. 
As (4) is the reverse of (2) and as (4) has a zero activation energy, the activa- 
tion energy found for (2) from the temperature coefficient of the light reaction 
must also be the heat of reaction (2), Using this value, Bodenstein and Jung 
combined it with the heats of certain other known reactions in order to calculate 
a value for the heat of dissociation of hydrogen of 107 kcal. This has subsequently 


Bodenstein, M.. and Lind, S. C., Z. physik. Chem , 57, 168 (1906), 
‘ft Bodemtein, M., and Jung, G., Z. pkystk Ckcm., 121, 327 (1926). 



279 


; mACTlONS OF mORGANlC GASES 

been correcte4 by the ttse of a better value for one of the reactions they use, to 
give 103*6 kcal, which is in good agreement with the spectroscopic value 101,9 kcal. 

Still other inforniation was derived by Bodenstein^And Ltitkemeyer from their 
data. Division of the photo rate equation by the dark rktc equation gives for the 
quotient of the observed rates 

h / fe(Br,) 
kd f kfi 

The ratio ki/kti was known from the work of Bodenstein and Cramer®^ on the 
thermal equilibrium constant for the dissociation of bromine. It was therefore 
possible to calculate ^5. They found in this way that only about one in 800 of the 
collisions between bromine atoms leads to the formation of molecules. Further- 
more this figure appeared to be independent of the temperature and total pressure. 
Briers and Chapman calculated the mean life of the bromine atoms to be 0.063 
second That the removal rate of bromine atoms should be independent of pres- 
sure was unexpected in view of the necessity of three-body collisions for recombi- 
nation and led Jost and Jung®^ to a study of the e0ect of variation of total pres- 
sure over a wide range on the concentration of bromine atoms and therefore also 
upon the rate of the reaction. The result was the finding that tlie reaction velocity 
is inversely proportional to the square root of the total pressure. An explanation 
of the apparent discrepancy between these results and those of Bodenstein and 
Ltitkemeyer was given by Bodenstein, Jost and Jung.®^ They pointed out that 
at low pressures the effects of diffusion of the bromine atoms to the walls where 
recombination could occur had to be taken into account. At low pressures and 
weak light intensities low concentration of bromine atoms) the rate of for- 
mation of hydrogen bromide was found to be proportional to the light intensity 
rather than to its square root. Jost®® also found that the formation of hydrogen 
bromide can be brought about by light of wave-lengths greater than 5107A. and 
therefore in the banded region of the absorption spectrum of bromine , Here the 
excited bromine molecules yield bromine atoms on collision with other molecules. 
The bromine atoms recombine in triple collisions and may also be destroyed on 
the walls, so that the latter have a characteristic effect on the reaction velocity. 
The activated bromine atoms formed in the primary reaction affect the reaction 
velocity in the same manner as unactivated ones because they suffer deactivation 
before they can react. The velocity constants of the single reactions involved in 
the formation of hydrogen bromide were recalculated from these data and found 
in agreement with theory. 

Ritchie studied the effect of inert gases on the removal of bromine atoms as 
affecting the rate of the hydrogen bromide formation at 200® C., the results apply- 
ing either to the thermal or the light reaction. Under conditions favoring the 
removal of the atoms to the wall, acceleration of the reaction was produced by 
foreign gases in the order CCl4> C02> N2 and 02> A> H2 and He. When 
the removal was primarily by triple collisions in the gas phase, the efficiency was 
in the order C02> 02> N2> A> He> H2. Rabinowitsch and Lehmann find 

^Bodenstein, M., and Cratiicf, K,, .ST. Blcktrockefn , 22, 327 (1916). 

Briers, F., and Chapman, D. L., J. Chetn. Soc., 1802 (1928). 

W., and Jung, G., Z. physik. Chem., 3B, 83 (1929). 

Bodenstein, M., Jost, W., and Jung, G., S. Chem, Soc., 1153 (1929). 

«»Jost, W., Z. physik. Chem., 134, 92 (1928). 

Ritchie, M., Proc, Roy. Sor,, 146A, 828 (1934); Hilferding, K., and Steiner, W., Z, physik, Chem,^ 
B.30, 399 (1935). 

w Rabinowitsch, E., .'ind Lehmann, IL I-., Trans. Faraday Soc., 31, 689 (1935). 
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tbt velocity of homogeneous recomhiimtlon in the presence of helium to vary 
inversely with the square root of pressure in accordance with the three-lx^y 
mechanism, and not according to a conceivable mechanism involving the bromine 
molecule. At atmospheric pressure, about one double collision in 1300 leads to 
recombination ; this is of the order of the total number of triple collisions expected. 
Argon and nitrogen arc more effective than helium in promoting recombination of 
bromine atoms.’'^ 

Armour and Ludlam*^^ state that in a streaming mixture of hydrogen and 
bromine vapor irradiated by the 18S0A line of an aluminum spark less than 1 per 
cent (by weight) of the bromine enters into combination. This was unaltered by 
a ten-fold variation of the intensity. 

It may be noted that Lewis and Rideal believed the reaction to be inhibited by 
extreme drying. Bodenstein and Jost"^* however, consider this to be unproved; 
they attribute the results to possible reaction between the hydrogen bromide and 
the drying agent employed. 

The reaction of hydrogen and bromine has been discussed in considerable 
detail to show the applicability of the concept of stationary states to the formula- 
tion'^^ of rate expressions from assumed mechanisms and also to illustrate the 
manner in which photochemical data may be employed as aids to the solution of 
other physical chemical problems, as for example, the heat of dissociation of 
hydrogen or the rates of recombination of bromine atoms. In this way the manner 
in which photochemical investigations interlock with other phases of physical 
chemistry becomes apparent. 

Reactions of Interhalogen Compounds 

Mellor and Iredale find hydrogen and iodine chloride to react rapidly in 
strong light if the hydrogen pressure is large compared with lhat of the iodine 
chloride, indicating that this condition favors the reaction C1“^HC1+H so 
that excited chlorine atoms may not be required for reaction. In thin glass bulbs 
a reaction between hydrogen and iodine chloride occurs very slowly in artificial 
light, more rapidly in diffuse daylight and very rapidly in direct sunlight. The 
products arc chiefly iodine and hydrogen chloride. They later state that the 
reaction can be brought about with pressures of hydrogen comparable with that 
of the iodine chloride.^^' Methane also reacts rapidly with iodine chloride in light.’^'^ 

See also Umiston, J., and Badger, R. M., /. Am. Chem. Soc. 56, 343 (1934). 

Amlour, R. W., and Ludlam, E. B, Proc. Rov. Soc Edinburgh, 49, 91 (1929), Chim Ahs., 23, 
3856 (1929). 

™ Bodenstein, M., and Jost, W., /. Am. Chem. Soc,, 49, 1416 (1927). 

'’'♦For a discussion of the validity of the method, sec Bodenstem, M, Trans. Faiaday Soc., 27, 
409 (1931). 

•w Mellor, D. P., and Tredale T., Nature, 127, 9.3 (1931). 

™ C/. Rollcfson, G K., J’lid Lindquist, F. E., J. Am. Chem. Soc., 53, 1384 (1931), 

-n Ashley, S., and West, W., Nature, 127, 308 (1931) 



Chapter 18 

The Hydrogen-Chlorine Combination 

Although apparently one of the simplest photochemical changes, this reaction has 
been for over a century the subject of an extraordinary amount of investigation 
because actually it has offered extreme difficulties in both experimental obseiva- 
tion and in interpretation. The experimental results have frequently been in dis- 
agreement, largely because small quantities of impurities exert such a remarkable 
effect upon the reaction that reproducible results are difficult to secure. Oxygen, 
which can be removed from chlorine only with great difficulty, has an inhibiting 
effect, difficult to eliminate. Other impurities, entirely unsuspected, have been 
responsible for an inert period after the start of illumination before the reaction 
begins to build up to its maximum rate. Since studies on this reaction were among 
the first quantitative photochemical investigations, the finding of this induction 
period was for a time assumed to be a general photochemical phenomenon, an 
error which greatly affected the early development of photochemical theory. A 
thorough review of the history of this reaction would fill many pages. Since 
excellent summaries arc available ^ and since most of the data are concerned with 
the effects of visible rather than ultraviolet light, the account in this chapter will 
be limited to a consideration of certain of the more significant features of the work 
on the reaction, following a statement of the viewpoint at present most generally 
held in regard to the mechanism. 

Spectral Absorption Data 

1, Hydrogen Chloride. The absorption of hydrogen chloride consists 
only of four continuous bands in the short-wave region (2150-1850, 1750-1650, 
1580-1290 and 1270-1 240A). The absorption spectra of the halide apparently has 
no significance for the course of the reaction involving hydrogen and chlorine.- 
When irradiated in its absorption region, hydrogen chloride dissociates into a 
normal hydrogen and an excited chlorine atom, Trivedi ® finding from the absorp- 
tion spectrum a heat of dissociation equivalent to 103.9 kcal. Coehn and Was- 
siljewa^ and Berthelol and Gaudechon® observed slight decomposition to occur 
as a result of irradiating hydrogen chloride in this wave-length region. Accord- 
ing to Schultz ® not more than 5 molecules may be decomposed per quantum 
absorbed. 

2. Absorption of Chlorine. Chlorine absorbs in two broad regions. The 
first, to which the gas owes its color, extends from about 6430 A (or possibly 

^ Griffith, R. O., and McKeown. A., “Photo-Proccs«(es in Ga'^eous and Liquid Systems/* London, 
Longmans, Green and Co., 1929, Chapter X; Bodenstejn, M., Trans. Faraday Soc., 27, 413 (1931); 
Thon, N., Fortschritt Chem. Phvsik, phystk. Ghent., 18, No. 11 (1926); Marshall, A. L., Trans. Am. 
Electrochem. Soc., 49, 143 (1926). 

® Leif son, S., Astrophys, J., 63, 73 (1926). 

» Trivedi, H., Proc. Natl. Acad. Sci. India, 6, 18 (1936); Chem. Ahs., 30, 4759 (1936). 

* Coehn, A., and Wassiljewa, A.. Bcr.^ 42, 3183 (1909). 

“Berthelot, D., and Gaudechon, H,, Compt. rend., 156, 889 (1913). 

«SchuUa, C. T., /. chim. phys., 26, S06 (1929); BrU. Chem. Abs. A, 173 (1930). 
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lonifer) to al>dut 2S00A. Its maximum lies at about 3340 A. Extinction values 
have been given by v* Halban and Siedentopf J There is a minimum in the yellow 
and the absorption then increases toward longer wave*lengths to a maximum which 
probably lies between 6140 and 6430 A. The spectrum at longer wave-lengths is 
banded, the absorption coefficients of the bands having very low values.® The 
edges of the bands converge to a limit at 478SA, the absorption being continuous 
at shorter wave-lengths.® It is only in the continuous region that the absorption 
coefficients attain large values. Here the molecule is dissociated into one normal 
chlorine atom and one bearing an energy of excitation of 0.109 volt.^® Since the 
maximum absorption occurs at a wave-length much shorter than the convergence 
limit, the excess energy of the light must appear as large amounts of kinetic 
energy possessed by the dissociated atoms. 

The second absorption region extends from about 1900 to 1S60A and is entirely 
continuous.^^ It corresponds to a dissociation similar to that produced by absorp- 
tion in the region of longer wave-lengths, except that the atoms produced are 
endowed with greater kinetic energies. From these considerations it is evident 
that the primary process in the hydrogen-chlorine combination must consist in 
the formation of chlorine atoms when the mixture of gases is irradiated with wave- 
lengths shorter than 4785A. 

To account for various features of the photochemical reaction anomalies of 
absorption have been assumed. Statements that the absorption by chlorine is 
dependent upon the intensity of the incident light could not be confirmed by 
Gray and Style.^® For a long period water was believed necessary for the photo- 
chemical reaction between hydrogen and chlorine. It was stated that the dispo- 
sition of energy absorbed by moist and by dry samples of chlorine is different.^* 
No difference in absorption was observed by v. Halban and Siedentopf, Kistia- 
kowsky^® or Komfeld and Steiner.^® Furthermore, no fluorescence could be 
detected within the continuous region. 


Budde Effect, A phenomenon which excited considerable interest and which at one 
time appeared important for the explanation of the mechanism of the hydrogen-chlorine 
combination was the observation by Budde that chlorine gas expands when illuminated 
by white or blue light but not when red or yellow light is employed. He lound the 
expansion the result of a temperature increase, an observation confumed by Bevan.’* 
Richardson found the expansion to be roughly proportional to the intensity of the light 
employed. The effect is usually attributed to heat liberated as a result of the recom- 
bination of chlorine atoms formed by the absorption within the continuous region. The 
effects of small amounts of moisture on the extent of this effect have been discussed 
since the observations of Shenstone,®*’ who found pure dry chlorine to give only a very 
small Budde effect. This effect could be increased by the admission of some moisture.® 


Tv. Halban, H., and Siedentopf, K., Z. physik. Chem., 103, 71 (1922). 

»Kuhn, H., Z. Physik, 39, 77 (1926). 

» Elliott, A., Proc. Roy. Soc. 123, 629 (1929); 127, 638 (1930). 
lOBirge, R. T., Phys. Rev., 35, 133 (1930). 
wCordes, H., atid Sponcr, H., Z, Physik, 63, 334 (1930). 

Weigert, F., and Brodmann, L., Z. physik. Chem., 106, 426 (1923). 

MGray, L. T. M., and Style, D. W. G., Proc. Roy. Soc. 126A, 603 (1930). 
wMellor, J. W., /. Chem Soc , 81, 1280 (1902). 
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•I Sec also Ludlam, E, B.. Proc, Roy. Soc, Edinburgh, 34, 197 (1924), 
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Kistiakowslgr ** attributed the water dependeticc of the effect to the necessity for 
inert molecules to carry off the energy of recombination of chlorine in threc«body 
collisions. In the absence of water, the free chlorine atoms cOuld combine only on 
glass walls of the vessel. The large heat capacity and relatively good heat conductance 
of the vessel wOuld, however, prevent the heating of the gas and so the Buddc effect 
would be missed. On the other hand, Martin, Cole and Lent"® and more recently, 
Kiastiakowsky ** have denied the effect of drying in lessening the photoexpansion of 
chlorine. Narayana ® however, states that the Budde effect cannot be observed in dry 
gases, tmless the vessel is carefully vacuum-insulated. In accordance with the theory 
that a primary dissociation is essential, the effect is absent in chlorine illuminated by 
wave-lengths greater than 5000A and in bromine above 5500A. It varies as the pressure 
of tlie halogen and as the square root of the intensity of the light. 

In the case of bromine, Lewis and Rideal*® have advanced evidence in support of a 
different mechanism. They believed a bromine-hydrate (heat of formation 1.09 kcal.) 
to be dissociable by wave-lengths 5700-5400A, in the band rather than in the dissocia- 
tion region of the spectrum. Thus ffie bromine hydrate could be dissociated by wave- 
lengths longer than those required for the dissociation of dry bromine. Recombination 
of the bromine and water was held to give rise to the heat which produces the character- 
istic expansion. Matthews*' has found drying to lessen somewhat the Budde effect, 
although it could not be entirely eliminated in this manner. 

Mechanism of the Hydrogen-Chlorine Combination 

The outstanding characteristic of the hydrogen-chlorine combination is the 
high quantum yield. Bodenstein^® calculated that, were it possible to eliminate 
traces of inhibiting oxygen from the chlorine employed, the yield should be 
approximately 10®. Kornfeld and Muller found it to be 1.10x10® for light 
of 4360A. Harris has, by using blue light and very carefully purified gases, 
obtained a value of 6x10® and Bodenstein and Winter®^ of 4.2x10® in silver 
vessels. This corresponds to an average chain duration of 16 seconds. Obviously, 
such quantum yields require a chain mechanism and many have been proposed. 
At this point, mention of the mechanism which apparently is most favored, will 
be made and discussion of the effects of inhibitors will be postponed until the 
experimental data have been discussed. The primary process is a photodissocia- 
tion of the chlorine into atoms. The subsequent reactions which form the chain 
were first suggested by Nernst.®- 

(1) CU 4- hv« 4785A) ^ Cl 4- Cl 

(2) Cl 4- a HCI 4- H 

(3) H 4- CU ^ HCI 4- Cl 

Rodebush and Klingelhofer have advanced more cogent evidence than that 
originally suggested by Nernst for the thermodynamic possibility of reaction (2), 
although they believe that only every 10®th collision leads to reaction. The acti- 

*» Kjfltiakowsky, G. B.. J. Am. Chem. Soc., 49, 2199 (1927). 

"Martin, W. H., Col«, A. F, W., and Lent, E. E., /. Pkys. Chem., 33, 148 (1929). 

« Kistiakowsky, G. B., /. Am. Chem. Soc., 51, 1395 (1929). 

"Narayana, T. S, Indian I. Physics, 9, 91 (1934); Chem. Abs., 29, 684 (1935). 

"Lewis, B,, and Bideal, E. K., 7. Chem. Soc., 583, 596 (1926). 

Matthews, E., Trans. Faraday Soc. 25, 41 (1929); cf. Ritchie, M., and Ludlam, E. B., 7. Chem. 
Soc., 1680 (1937). 

"Bodenstein. M., Z. physik. Chem., 85, 351 (1913). 
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vation mefgy is 6J kcal. Marshall^* calculated for reaction (2) a free energy 
ciiange of approximately zero. Reaction (3) is believed by Bodenstein to occur 
at each hundredth collision. Since it regenerates a free chlorine atom, the chain 
mechanism would be readily apparent did reaction (2) occur. 

Many efforts were made to demonstrate experimentally the occurrence of 
reaction (2), including the work of Jost and Schweitzer.^® Could this reaction 
be admitted, it is apparent that the great difference between the hydrogen-bromine 
and the hydrogen-chlorine combinations would be readily explicable. The failure 
of many direct attempts to show experimental proof for reaction (2), however, 
delayed for several years the acceptance of the simple Nernst chain mechanism 
and kd to the proposal of a number of alternative mechanisms which attempted 
to avoid the use of this reaction. Included among these proposals were the pres- 
ence of excited chlorine molecule chains or of chains carried by excited HCl 
or by a postulated triatomic chlorine molecule. 

Attempts to activate chlorine by a brush electric discharge or by a mercury 
lamp so tliat when conducted into unilluminated hydrogen the two substances 
would produce hydrogen chloride were made (unsuccessfully) by Wendt.^® 
Other unsuccessful attempts were described by Bodenstein and Taylor and by 

Marshall.®® Jost and Schweitzer were able to demonstrate the reaction (2) by 

passing a very rapid stream of irradiated chlorine into hydrogen. The free atoms, 
however, recombine rapidly on the walls of the conducting tube and the experi- 
ment fails when the irradiated gas remains in the tube longer than 10"* second. 
Nevertheless, with the demonstration of the possibility of the reaction, the Nernst 
chain becomes admissible. It is thus conceivable that there can be a long- 
continued interplay of reactions (2) and (3) leading to the production of large 
numbers of molecules of hydrogen chloride consequent upon the absorption of 

one quantum of light, before the free atoms which carry the chains are lost by 

wall reactions or by interactions with impurities, e.f/., oxygen. 

History of the Work on the Reaction. That a mixture of hydtogen and chlorine 
explodes in bright sunlight and reacts slowly in diffused light was first observed by 
Cruikshank.*® Quantitative rate measui ernents, the first on any photochemical change, 
were made by Draper by means of a “tilhonometer/’ In this apparatus the hydrogen 
chloride produced was absorbed in water, and the volume contraction was followed by 
the movement of a column of liquid along a capillary. Draper found indigo rays the 
most powerful in causing the contraction, as did Favre and Silbcrmann.*^ 

In the course of this work what has come to be known as the Draper effect*^ was 
discovered. This consists of a brief expansion on exposure to light, followed by a 
period in which there is no pressure change, atid then by a contraction. The details of 
the Draper effect were studied by Mellor and Anderson,*** Bevan,** and by Weigert and 
Kellerman.*® Bevan, who could produce the Draper effect only by use of fairly intense 
light, attributed the effect to a rise of temperature accompanying the formation of 

W.. and Schweitzer, H, Z. pkysik. Chem , 13B, 373 (1931). 

** Wendt, G. L., Chem. Met. Eng., 24 , 83 (1921) t Wendt, G. L., Landaucr, R S., and Bwinj?, 
W. W., /. Am. Chem. Sgc., 44 , 2377 (1922), See, however, Venkataramaiah, Y., /. Phys. Chem., 
27 , 74 (1923). 

Bodenstein, M,, and Taylor H, S., Z. Elektrochem., 22, 202 (1916), 
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hydrogen dhloride. Weigert made a detailed study of the time relations involved, 
employing a photographic Topler cloud method depending upon local changes of refrac- 
tive index. The magnitude of the effect was related to the degree of drying of the gas^. 
The cloud observed when a mixture of chlorine and electrolytic gas was irradiated with 
light of short wave-length paralleled the Draper effect in time-intensity relations. The 
cloud was assumed due to a warming of tlie gas and the amount of tlierraal expansion 
corresponded with the calculated amount of heat which is liberated during the produc- 
tion of the hydrogen chloride. Weigert^s theory of clustering about a group Of two 
molecules between which an electron has passed from the hydrogen molecule to the 
chlorine molecule did not |)rove significant. His experimental observation that the 
change in density did not begin until 10"^ second after irradiation by a single spark 
discharge and attained its maximum only some hundredths of a second after the irradia- 
tion gave direct evidence for the existence of a chain reaction. 

Induction Period, Bunsen and Roscoc made studies of the rate of the 
reaction; an improved “actinometer” was used for correlating the reaction rate 
and the light intensity.^^ In the course of this work they described in detail an 
earlier observed induction period to which they ascribed unwarranted general 
photochemical significance. The details given by them and by later workers 
were confusing and indicated the induction period to be dependent on the length 
of the gas column irradiated, the intensity of the light, the temperature and the 
previous history of the gas. The interpretation of the results was further com- 
plicated by the belief of Bunsen and Roscoe that the absorption of the gases dur- 
ing reaction is increased over that of unreacting gases, a view now known to have 
been erroneous. The simple explanation that the induction period is due to the 
presence of small amounts of inhibiting impurities which are destroyed in large 
part during the inert period was established by Burgess and Chapman.'*® They 
found no difference in the extinction of irradiated and non irradiated gas mixtures. 
Also, oxygen did not affect the length of the induction period, and traces of 
ammonia could produce very long induction periods, the duration of which varied 
directly as the concentration of the added ammonia. A later suggestion by Chap- 
man and McMahon that the inhibition should be attributed to the production of 
NCI3 by the interaction of chlorine with the ammonia was, however, considered 
untenable by Norrish.^^ Norrish advanced the view that the ammonia derived 
from the impurities was adsorbed on the surface of the vessel, poisoning the latter 
for certain surface reactions involving a water-chlorine compound. Arguments 
were raised against this theory by Cathala Griffiths and Norrish have 

accepted the view that the induction period is due to the formation of NCI3, which 
undergoes photosensitized decomposition in the presence of excess chlorine by 
short reaction chains. The quantum efficiency of this reaction falls to about two 
as the chlorine pressure is increased. 

Nitric oxide (but not nitrous oxide) and chlorine dioxide also inhibit the 
reaction.®® Oxygen apparently slows the rate of the reaction rather than causes 
an induction period. The effect of oxygen in inhibiting the reaction is not 
attended by its total disappearance, as is that of the inhibitors responsible for the 

Bunsen, R., and Roscoe. H., Po<tQ Ann, 96, 373 (1855); 100, 193 483 (1857); 101, 32, 237, 275 
(1857); 108, 193 (1859), 117, 531 (1862); Reprinted in Ostxvald's Klassiker, No. 34 and 38 (1892). 
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ioAxmm period. Tht rate of the formation of hydrog*en chloride has been imnd 
to inversely proportional to the oxygen concentration, at least over the range, 
0.09 t»? 1.00 per cent** 

Sffects of Water Vapor. From the earliest to the most recent studies, 
attention has heen directed to the effects of traces of water vapor on the hydrogen- 
chlorine combination. Baker claimed that under conditions of extreme drynes^ 
the reaction proceeds only very slowly in direct sunlight, but Mellor and Russell 
found that even these extremely dry mixtures could be made to explode by an 
electric spark. Bodenstein and Dux found the rate of combination of the gases 
to be unaffected by drying down to a water vapor pressure of 10^^ mm. of mercury. 
Tramm,®® however, found that drying by a special liquid air technique prevented 
the combination from occurring in sunlight. Coehn and Jung claimed that the 
photochemical reaction was prevented when the water vapor pressure was reduced 
below mm. and visible light was the source employed. When the effective 
light was of wave-length shorter than about 2540A the reaction was not prevented 
by drying, although the quantum yield was lowered to about eight. On the basis 
of these results, Norrish advanced the theory that water is required as a catalyst 


in the primary process. 


He believed an intermediate compound 


H ^ Cl 

>o< 

H Cl 


to be 


formed and adsorbed on the walls of the vessel where sul)sequcnt reaction occurs. 
Coehn’s explanation of the effect of water (an effect due to water in atomic 
chlorine reactions) appeared inadequate both to Norrish and to Cathala.^^ The 
latter worker, however,®^ was unable to accept the theory of Norrish. Kistia- 
kowsky,®® pointed out that the theory of Norrish had been disproved by the experi- 
ments of Coehn and Heymer in which a chlorine and hydrogen mixture reacted 
on exposure to radiation in apparatus arranged to minimize solid and liquid sur- 
faces. For a time it was believed that water might be reejuired to enable the 
absorption of radiation by chlorine leading to dissociation of the latter into atoms.®® 
As the spectroscopic evidence on the dissociation process gained prominence, it 
became necessary to discard such views. The effect of water vapor was next 
attributed to some possible influence exerted by it on the rate of recombination of 
free chlorine atoms,®® Recently, however, in view of the inadequacy of the expla- 
nations which could be advanced to explain the mechanism by which water vapor 
aids the reaction, the tendency has been to reexamine the validity of the phenomenon. 
Particularly is this necessary, since it would be vt'ry difficult to explain why water 
vapor should have a greater effect upon chlorine citoms produced by visible radia- 
tions than by shoiter rays as had been claimed by Coelm and Tramm. Bodenstein 
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fluid Bemreutiber suggest that the earlier observations may have been due to the 
accidental introduction of strong inhibitors such as metal chlorides in the drying 
methods employed The work of Relief son and Potts indicates that at low 
temperatures at least, the presence of water vapor has no marked effect on the 
rate of the reaction. 

Pevelopment of Chain Mechanisms. The first chain mechanism suggested 
by Bodenstein involved an ionized chlorine molecule^® but this was soon shown 
to be excluded by the observations that no ionization occurs in irradiated 
chlorine gas/^ or during the photocombination of hydrogen and chlorineJ^ Boden- 
stein next proposed a mechanism in which the chains were assumed to be carried 
both by activated chlorine and activated hydrogen chloride molecules, a view sup- 
ported in principle (although not in the details of chain propagation) by Stern 
and Volmer.^^ 

The dissociation theory of Nernst'*'® was proposed in 1918; many attempts 
followed to decide between the “hot molecule” and the dissociation theories. 
Attempts to compare rates and quantum yields of light and a-ray induced reac- 
tions failed to afford a basis for a decision. Much labor was devoted to efforts 
to settle the question by kinetic studies. The earlier attempts were also equivocal, 
and it became evident that with sufficient ingenuity the kinetic data obtained 
under various experimental conditions might be interpreted with some degree of 
success by employing the concepts of either theory. The details of the many 
proposed mechanisms, some of which involved as many as eleven reaction con- 
stants (for the most part undetermined or undeterminable) cannot be given here. 


Reaction Kinetics 


Contrary to Baly and Barker, more recent observers find the rate of the for- 
mation of hydrogen chloride proportional to the light intensity.'*'® Rollefson found 
the rate of formation also proportional to the hydrogen and chlorine concentra- 
tions. He reasoned that if the reaction were due to excited molecules, the velocity 
constant should decrease rapidly at low pressures, since the time between colli- 
sions would then be long enough to permit the excitation energy to be lost by 
fluorescence. Should the reaction be due to free atoms, the rate constant should 
be independent of the pressure. From kinetic considerations and from the prob- 
able life of an excited chlorine molecule, he calculated that it should be possible 
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to distiiigtiisb between these mechanisms at a hydrogen pressure of one millimeter. 
His data showed no change in the rate constant as the pressure was decreased 
below this limit and therefore aiforded support for the dissociation mechanism. 

Recently efforts have been directed toward an understanding of the manner 
in which, in pure gases, the chains are broken by the removal of the atoms. 
Reactions at the wall were suggested by Chapman and Grigg®^ for destroying 
the catalyst (the nature of which then was not considered) since the reaction was 
.slower in capillary tubes than when conducted under the same light intensity in 
tubes of wider bore. Trifonoff,®^ who suggested that grease on the stopcocks 
might start the reaction, believed that recombination of atoms diffused to the 
walls at low pressures might break the chains. At pressures above 30 mm., he 
believed the processes to occur chiefly in the free space, but below 10 mm. prac- 
tically all of the chains break down at the surfaces of the walls. Bodenstein and 
Unger were also of the opinion that at higher pressures the chains must be broken 
by some compound present in the reaction space. A volatile deposit, possibly of a 
silicon oxychloride, has been detected on the walls of vessels in which free chlorine 
atoms had been produced, Hertel thought that this might be responsible for 
breaking the chains, since the rate of formation of hydrogen chloride could be 
lowered by carrying out the reaction in vessels in which chlorine had previously 
been irradiated. He had found that the rate might be expressed by (H 2 ) (Cl^)^ 
when the chlorine is present in great excess and by ^ 2 (U 2 )“(Cl 2 ) when the 
hydrogen is in great excess. He also gave a more general equation, which need 
not be reproduced here. Hertel believed that the observed rate could be accounted 
for on the assumption that oxygen terminates the chains by combining with the 
hydrogen atoms. Chapman and Gibbs find the rate of the reaction proportional 
to the square root of the intensity of the light when the chlorine used has been 
very carefully freed from oxygen and other inhibiting impurities. 

Beliavior at very low pressures similar to that found by Rollefson has also 
been reported by Allmand and Craggs,®® the reaction proceeding at the normal 
rate even at chlorine pressures as low as 0.012 mm. Water vapor also failed to 
affect the rate except at low total pressures. They staled that at total pressures 
of 2 mm. ultraviolet light affords lower quantum yields than does visible light, 
but this difference is not observed at higher pressures. It was thought that it 
might be accounted for by the formation of triatomic chlorine molecules by the 
ultraviolet of short wave-length. By quantum mechanical considerations, Rollef- 
son and Eyring®^ concluded that, for all the halogens, molecules of the type X ,3 
are stable at room temperatures with respect to dissociation into X 2 and X. 
Cremer had previously suggested the possibility that this molecule might func- 
tion as a chain carrier, as had Cathala who called it *‘chlorozone.'’ 


«« Chapman, D. L., and Grigff, P. P., /. Chem. Soc., 3233 (1928). 

Trifonoff, A., Z. physik. Chem,, 3B, 195 (1929); €B, 118 (1929); Trifonoff, A., and Ryabinin, G., 
Trans. State Phys.-Tech. Lab. (Moscow), No. 14, 26 (1930); Chem. Abs,, 24, 1297 (1930). 


«*»Hcrtd, E., Z, pkysih. Chem,, 15, 325 (1932). 

«« Hertel, E., Z. pkysik. Chem., 14B, 443 (1931). 

“Chapman, D. L., and Gibbs, F. B., Nature, 127, 854 (1931). 

“Allmand, A. J., and Craggy H. C., Nature, 130, 927 (1932); J, Chem. Soc., 241 (1936); 1889 
(1937). Craggs, H. C., Squire, (jt. V. V., and Allmand, A. J., J. Chem. Soc., 1878 (1937). 
“Rollefson, G, K., and Eyring, H., /. Am. Chem. Soc., 54, 170 (1932). 

“ Cremer, E., Z, physik, Chem., 128, 285 (1927). 

“Cathala, J., J. chim. Phys., 25, 182 (1928). 

“For further discussion of chain carriers for this reaction see Gdhring, R,, Z. Elektrockem., 27. 516 
(1921); Chapman, D. L., Trans. Faraday Soc., 21, 547 (1925) and Warburg, E., Z. Elektrochem., 27, 
139 (1921). 

“Bodenstein, M,, and Schenk, P. W., Z. physik. Chem., 20B, 420 (1933). 
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Al!inaii4 and Craggy state that the presence of 0.1 mm. of oxygen retards tiie 
reaction between chlorine and less than 0.01 mm. of hydrogen. It has no effect, 
however, when there is 0,01 to 0.5 mm. of hydrogen, but under tliese conditions 
the oxygen is consumed. 

Residts of Bodenstein and Schenk on the relative yields of hydrogen 
chloride and of water in streaming mixtures of chlorine, hydrogen and oxygen at 
60®C have been criticized by Chapman and Watkins, who employed mixtures rich 
in oxygen. Ritchie and Norrish,®^ who determined the reaction rate by measur- 
ing the chlorine absorption, found hydrogen chloride to have a pronounced inhibit- 
ing effect on mixtures which contained oxygen. In the absence of oxygen, the 
quantum efficiency is given by the expression 

2.8 X 10*(Ha) (CW 
(Cb)+1.7(HC1)(U.)‘‘-*' 

Their maximum quantum yield was 1.2 x 10®. The velocity of hydrogen chloride 
formation varies with the 0.6 power of the intensity of the absorbed light in 
approximate agreement with Chapman and Gibbs. Reaction chains are terminated 
mainly by self- neutralization.®® Tn the presence of oxygen, both hydrogen chloride 
and hydrogen have inhibiting effects, that of the former being four times that of 
the latter. With increasing hydrogen pressures, the quantum efficiency rises 
through a maximum. For mixtures rich in oxygen, it varies inversely as the 
oxygen pressure and is independent of the light intensity. The quantum efficiency 
is also reduced by inert gases.®'^ At low concentrations of oxygen, it shows a 
dependence on the light intensity. 

According to Krauskopf and Rollefson,®® as the ratio of oxygen to chlorine is 
increased, the ratio of the prodttetion of water to that of hydrogen chloride 
approaches a limit between one and two. From its temperature dependence, the 
activation energy for the reactions yielding hydrogen chloride appears to be 
greater than that for those yielding water. They hold that the existence of the 
limit for the ratio of the two products shows that the Nernst chains must be ter- 
minated by a reaction H + rather than by 01 + 02*^002. Rollefson 

and Potts®® state that at temperatures below 172°K., the melting point of chlorine, 
the rale depends on the square root of the light absorbed. From the temperature 
coefficients, observed at 3600 A, the heat of activation is 5.8 kcal. At low tempera- 
tures the value 4,6 kcal, is, however, found. They accept the suggestion that a 
volatile silicon oxychloride terminates the chains. They suggest further that 
the large inhibiting effect of hydrogen chloride observed by Norrish and Ritchie 
may have been due to the introduction of an inhibiting impurity in the hydrogen 
chloride added. The rate equation given by Rollefson and Potts is said to be valid 
at temperatures as low as 200'^K, The equation is : 


d(HCn 

dt 
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ia wlikSbi kiii^O.1. Some of the proposed chain mechanisms have bera discuMcd 
by BateSv®^ An interesting direct method of demonstrating the existence of a 
chain reaction has been the application of the para-hydrogen test for the presence 
of free hydrogen atoms,®® to which reference has been made in a preceding chapter* 
Kokochashvili has studied the reaction by the aid of very brief irradiations 
(*08 second) of high intensity secured by magnesium flashes, and has discussed 
his results from the standpoint of chain mechanisms. Deuterium molecules are 
less reactive than hydrogen, the activation energy being slightly higher for the 
former.^®® Farkas and Farkas find the reaction with deuterium to proceed at 
one-third the rate of that with hydrogen. They ascribe the difference in rates to 
the larger zero-point energy of hydrogen as compared with deuterium. The 
calculated additional activation energy of 0.8 kcal. required by deuterium agrees 
well with the difference in zero-point energy between ^2 of 810 

and 1710 cal. 


Thresholds and the Effects of Wave-Lengths 

Within the continuous region, Bodenstein and Schenk found the quantum 
yield to be independent of the wave-length. Allmand and Beesley,^®® using filters, 
gave the following relative values: 2600 A, 0.10; 3130A, 0.49; 3650 A, 0.53; 4050 A, 
1.00; 4360A, 0.67 and 5460A, 0.22. On the other hand, Bateman and Allmand 
found the quantum yield independent of the wave-length between 4000 A and 4900 A, 
but observed it to fall slowly on either side of this region. The earlier results 
were attributed to the accidental use of a glass window. A result at 4920A 
was considered anomalous since the ratio between the yield at this wave-length 
and that at 40S0A rose on prolonged irradiation from an initial value of 0.6 to a 
constant value of about 8. Between 4000 and 2900A the yield was of constant 
order of magnitude, but appeared to fall off by about 10-20 per cent in going from 
the visible toward the shorter wave-lengths.^®^ The observation that a definite 
reaction can take place at 5400-S500A is of interest in view of earlier discussions* 
(Chapter IS) regarding the existence of a threshold wave-length for this reaction.^®® 
Hertel assumed the primary process to be the formation of excited chlorine mole- 
cules under the influence of light in the band region. A small fraction of these mole- 
cules is then dissociated by impact with molecules of either hydrogen, chlorine or of 
hydrogen chloride. The efficiencies of these molecules in effecting dissociation were 
found to be in the ratio of 1:3: 0.5, As a result of this dissociation, chains are set 
up as in the continuous region. The quantum yield in the region between 4850 and 
5090A was found to be about half that observed by light in the continuous region, 
Hertel believed it would be very difficult to determine whether the reaction could 
proceed at wave-lengths longer than 5000A since the absorption is so low in this 
region. He noted that Dhar and Bhagwat had found a limiting zone at 6650A, and 
believed that a slight reaction might occur at 7700 A. 

w Bates, J, R., Proc. Nat. Acad, Sci., W, 81 (1933). 

wGeib, K. H., and Harleck, P.* Z. phystk. Chetn., 15B, 116 (1931). 

» Kokochashvili, V., Z. physik Cketn., 23B, 431 (1933) 

«»Rollefson. G. K„ /. Chem. Physics, 2, 144 (1934), 

Parkas, L., and Farkas, A., Natutuviss., 22, 218 (1934). 

Bodenstein, M.. and Schenk. P. W.. Z. physik Chem., 20B, 420 (1933). 

Allmand, A, J., and Beesley, E., /. Chem. Soc., 2693, 2709 (1930). 

Bateman, J. B., and Allmand, A. J., /. Chem. Soc,, 157 (1934). 
u»See also Norrish, R. G. W., and Ritchie, M., Proc. Ray. Soc,, 140, 99, 112, 713 (1933) 

^laertel, E., Z. phystk Chem., 14* 443; 15, 325 (1932). 
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Rccejitly Altoand and Craggs^®^ have foimd it possible to form hydrogen 
chloride when mixtures of 0. 1-0.6 mm. of hydrogen and 1.7 to 166 mm* of chlorine 
are irradiated with light of 5460A, a slightly longer wave-length than corresponds 
to the dissociation of chlorine into normal atoms. It would be expected that if 
excited molecules are formed and dissociated on impact with other molecules the 
absorbed energy of excitation must supply most of the energy for the subsequent 
dissociation. The slight deficiency involved when 5460A is used can, however, 
be supplied otherwise. If the chlorine molecules which absorb this energy are 
initially in high vibrational levels they can acquire sufficient energy by the absorp- 
tion of this wave-length. The results could, it was believed, be correlated with 
the continuous background of the banded absorption spectrum of chlorine. *No 
reaction occurred at S790A. From the temperature coefficient of the reaction at 
S460A, the activation energy appeared to be 9.78 kcal. The quantum efficiency 
relative to unity at 4360A was approximately 0.3, Subsequent to a more recent 
interpretation of the continuous absorption spectrum of chlorine, Bayliss has 
shown that at all wave-lengths the primary i)rocess is the same— -dissociation — 
and that the quantum yield, temperature coefficient and activation energy are inde- 
pendent of the wave-length of the exciting radiation. 

In addition to the investigations in which temperature coefficients have been 
determined for calculations of activation energies, there have been a few earlier 
observations of temperature coefficients to which very brief reference may be 
made. Padoa and Butironi seem to have been the first to make such determi- 
nations. They found the acceleration produced by increase in temperature to be 
but small in the ultraviolet, greater for violet and blue light and a maximum for 
green light. The values were: green (5500-5300^), 1.50; blue (4900-4700A), 
i.31; violet (4600-4400A), 1.21; ultraviolet (4000-3S00A), 1.17. HertePs obser- 
vations gave 1.48 in the band region in good agreement with those of Padoa. The 
values obtained by Livingston and Lind ^ were somewhat lower. 

Lavrov has made many determinations of the critical pressures at which the 
carbon arc will ignite various mixtures of chlorine, hydrogen and various gases. 

iwAllmand, A. J., and Craggfl. H. €., J. Chem, Soc., 241 (1936). 

‘"^Aickin, R. G., and Baylisa, N. S., Trans. Faraday Soc., 35, 1333 (1937); Bayliss, N, S., 

33, 1339 (1937). 

Padoa, M., and Butironi, C., Atti accad. Lined, 24 (II), 215 (1916); Chem. Abs,, 11, 1356 (1917). 

Livingston, R., and Lind, S. C, J. Am. Chem. Soc., 52, 593 (1930). 

^ Lavrov, F. A., and Zagulin, A. V,, Acta Physicochim. U.R.S.S., 1, 979 (1934) ; Brit. Chem. Abs., 
A, 943 (1936); Lavrov, F. A., and Perd’man, t., Acta Physicochim. U.R.S.S., 2, 91 (1935); Chem. 
Abs., 29, 6506 (19 3 5). 



Chapter 19 

Reactions of Inorganic Gases 
Other than Halogen Halides 

Reactions of Oxygen 

The Oxyg^en-Ozone Transformation. Schonbein, who was the discoverer of 
ozone, reported that oxygen can be photochemically activated ^ and Nernst ^ inter* 
preted the formation of ozone by the silent electric discharge as a photochemical 
reaction. Lenard® observed formation of ozone in air by the action of sparks 
from a Leyden jar and demonstrated that it was clue to light of wave-lengths less 
than 2000A. Goldstein ^ succeeded in preparing a dark blue liquid containing a 
high percentage of ozone within a discharge tube containing oxygen and immersed 
in liquid air. 

With the advent of quartz mercury arcs, reports began to appear regarding 
the conditions under which a considerable yield of ozone could be produced in air 
by ultraviolet radiations. Fischer and Braehmer ® described an apparatus in which 
electrol)rtic gas was conducted through an annular narrow space surrounding a 
quartz-contained mercury arc, the entire apparatus being cooled by immersion 
in water. Their measurements of llie yield of ozone produced under different 
conditions of operation indicated its formation to be opposed by a reverse reaction, 
the speed of the latter increasing rapidly with rise of temperature. Warburg 
and Regener ® had previously shown the silent discharge and the short wave- 
length radiations of sparks to possess both ozonizing and deozonizing properties 
and Regener had shown that the deozonizing effect is produced by wave-lengths 
absorbed by glass but not by quartz. Regener found that a concentration of 2.2 
per cent ozone could be produced by irradiating oxygen with the light from an 
aluminum spark, the chief intensity of which lies oetween 1719 and 1884A, The 
same stationary concentration was also produced when a gas containing a con- 
centration of 6 per cent of ozone (prepared by the action of a silent discharge) 
was irradiated by the spark. The scant absorption data then available indicated 
that the ozone was chiefly formed by radiations of 2000A or less and that it was 
decomposed by wave-lengths between 2000 and 3000A. 

Chapman, Chadwick and Ranisbottom ® obtained considerable yields of ozone 
by the action of ultraviolet rays on partially dried oxygen, using a manometric 
method for following the reaction. At about this period several patents were 

* Schdnbein, C., /. prakt. Chem., 75, 99 (1858). 

® Nenist, W., Jahresher, Elektr. Ges., 38 (1894), cited by Flotnikow, J., “Allgem. Photochemic,*' 
de Gruyter, Berlin, 1936, 565, 

•Lenard, P., Ann. Physik, 1, 486 (1900). 

^Goldstein, E., Ber., 36, 3042 (1903). 

•Fiacber, F., and Braehmer, F., Ber., 38, 2633 (1905). 

« Warburg, E., and Regener, E., Siteber. K. Akad. IViss. Berlin, 1228, 1904; J. Chem, Soc.. 86, 
(ii), 692 (1904). 

’Regener, E., Ann. Physik, 20, 1033 (1906). For a recent theoretical discussion of the equilib- 
rium between ozone formation and decomposition, see Eucken, A., and Patat, F., Z. physik. Chem. 
33B„ 459 (1936). 
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granted for the production of ozone in various types of apparatus by the action of 
ultraviolet radiations.^ 

The formation of ozone in the vicinity of quartz mercury arcs is now a familiar 
observation. Dadlez measured the diminution of the ozone content of the air 
at increasing distances from lamps of various makers to determine whether ozone 
is formed in sufficient amount to constitute a health hazard to operators of these 
lamps. He found that concentrations not greater than 0.05-0.3 mg. per cubic 
meter ate produced under favorable conditions. Symptoms of distress are pro- 
duced only when the concentration reaches 1.0 to 1.5 mg. per cubic meter and 
4 mg. per cubic meter are necessary to render the atmosphere unsupportable to 
life. Nevertheless, Cornelius recommended filtration to eliminate the rays 
forming ozone, at least in drying patent leather. 

The formation of ozone by the shortest wave-lengths of the mercury arc, 
chiefly the 1850A line, may be now considered in the light of early work on the 
band spectra of oxygen. A series of bands in the Schumann region observed and 
measured by Schumann and by Rtinge^^ arc known as the Schumann-Runge 
bands. They begin at about 1925 to 2026 A according to Leif son, and converge 
to a limit at 1751A.^® Detailed term analyses of these bands have been given by 
Ossenbriiggen.^® Flory^'^ believes the O 2 molecule predissociates in the band 
region above 1751A into normal atoms. Quantitative absorption data by 

Ladenburg, Van Voorhis and Boyce and by Granath indicate that the limit 
is followed by a region of continuous absorption which has its maximum at 1450A, 
and continues to nearly 1300 A.-® It has been subsequently shown that the products 
of the dissociation which occurs at or beyond 1751A are a normal and an excited 

oxygen atom.^^ Frerichs^^ found the excitation energy of the oxygen 
atom to be 1.06 e-volt. When this energy is deducted from that which corre- 
sponds to the convergence limit (7.05 volts), the heat of dissociation of oxygen 
into two normal atoms is found to be 5.09 e- volts, which corresponds to 117.3 kcal. 
or 2429 A. Data on the kinetics of the reaction produced by the m..rcury line at 
18S0A are not available. Working with radiations of wave-lengths 1862 to 1719A, 
Eucken found a negative temperature coefficient for the conversion of oxygen 
at very low pressures into ozone at temperatures between those of the room and 
liquid air. 

® Chapman, D. L., Chadwick, S., and Ramsbottom, J. D., J- Chem, Soc., 91, 947 (1907); see also 
Bordier, H., and Nogier, T., Compt. rend., 147, 354 (1908) and v. Aubel, E., Ihid., 149, 983 (1909); 
150, 96 (1910). 
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Tht alM^orption data tbus far considered ate not adequate to explain the results 
of Warburg on the formation of Ozone by the irradiation of oxygen in a streaming 
System with the lines 2070 and 2530A*2^ These wave-lengths are longer than the 
Schumann-Runge bands and in order to secure sufficient absorption for a reaction 
to occur, it was necessary to employ the oxygen at high pressures. With the 
wave-length 2070 A, Warburg found a quantum yield of 3.1 when the oxygen 
pressure was 125 kg, per square cm., and somewhat lower values at pressures as 
high as 300 kg. With the longer wave-length, 2530A, the quantum yields were 
somewhat lower and the same drop was observed with increase in pressure. War- 
burg attributed the decrease in yield with increase in pressure to some influence of 
adjacent molecules upon each other whicli affected their ability to absorb radia- 
tions. The absorption of the 2070A line was found to increase nearly seven times 
when the pressure was raised from about 30 to 325 kg. per square Noyes, 

who has given a critical historical discussion of the reaction, believes, however, 
that the observed pressure effect on the quantum yield was not much greater than 
the possible experimental errors. 

To account for the quantum yield of three, Warburg suggested, in the case of 
the 2070A line, a primary dissociation into atoms. This, however, is in disagree- 
ment with the subsequent findings upon the convergence limit of the Schumann- 
Runge bands. Warburg recognized that the 2530A line could not produce a disso- 
ciation of oxygen and suggested that a mechanism involving excited molecules 
would be necessary. 

Further interpretations of the results of Warburg have been given by Wulf,^*^ 
who has pointed out that the oxygen molecule does not absorb in the regions 
Warburg found effective. Certain weak bands which have been found in long 
paths of oxygen at ordinary pressures and in compressed or liquid oxygen 
appear to converge to a limit at 2429A. This agrees with the energy required for 
the dissociation of oxygen into normal atoms. The weak bands are followed by 
a weak continuous region which extends to shorter wave-lengths and even under- 
lies the Schumann-Runge bands. Wulf believes that the light of wave-length 
2070A, in Warburg’s experiments was absorbed by this continuum. He ascribes 
the new bands, at least in part, to a van der Waals molecule, O 4 , the presence of 
which in highly compressed oxygen had previously been suggested by Lewis 
from a consideration of the magnetic susceptibility of oxygen at low temperatures. 
In support of this, Wulf cites the fact that the absorption intensity at 2470A 
increases as the square of the oxygen pressure. From an extrapolation of data of 
Liveing and Dewar, he computed the region of the beginning of the continuous 
spectrum following the bands to be near 2470A, which he thought might correspond 
to dissociation into an ozone molecule and an oxygen atom. Guillien also inter- 
prets data on the absorption of liquid oxygen as indicative of an equilibrium 
between O 2 and O 4 molecules. A set of bands lying in the region of the con- 

» Warburg. E., Sftjub. Akad, mss.. 216 (1912); 872 (1914); Z. Blekfrochetn , 27, 133 (1921). 
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vevgenct of the Herasbcrg bands has been found by Finkelnburg and Steiner to 
vary i]n intensity with the square of the pressure, although they attribut^ the 
effect to the proximity of two oxygen molecules rather than to the formation of 
04 ^^^ The arguments for and against polymerizati<in have been critically dis- 
cussed by Wulh®® A final conclusion between the possibility of the existence of 
O 4 and absolution by a pair of O 2 molecules during collision has not been reached. 
Steiner does not believe the oxygen molecule should be considered a free radical, 
despite its paramagnetism, since the spin interaction between two oxygen mole- 
cules has a very low energy, not of the order of magnitude involved in chemical 
reaction. 

It has been claimed by Dickinson and Shcril! that the formation of ozt>nt at 
atmospheric pressure can be stimulated by the presence of excited mercury atoms. 
Collision of an oxygen molecule with an excited mercury atom can give it nearly 
the energy necessary for dissociation into normal atoms or the excited mercury 
atom may on collision produce an excited oxygen molecule. 

Radiations passing through fluorite (average wave-length 1750 A and therefore 
close to or shorter than the convergence limit of the Schumann-Runge bands) 
form ozone in oxygen at atmospheric pressure with a quantum efficiency of two,®® 
In the region of the bands the primary process has been believed to be the forma- 
tion of an excited molecule followed by reactions as indicated in the scheme t 

O* ^ hp ^ 0«* 

o,* + o. — > o, + o 
0 + 0. — > o. 

The latter two processes are assumed to occur on the walls or as a result of triple 
collisions. In the region of continuous absorption, two oxygen atoms, one excited 
(^D) are produced, and each then is assumed to combine with an oxygen mole- 
cule. If, as Flory suggests, the primary process is one of predissociation, ttje first 
equation would yield oxygen atoms directly, eliminating the necessity for the 
second equation. 

The Decomposition of Ozone. Ozone possesses absorption bands both in 
the visible and in the ultraviolet regions and decomposition can be effected by 
absorption of light in either of these regions. Although the first investigations 
were conducted in the ultraviolet range, it is simplest to begin with the effects 
of visible light. 

Ladenburg and Lehmann showed ozone to possess a group of visible absorp- 
tion bands, for which Colange^^ has given quantitative absorption data. The 
diffuseness of the bands indicates the occurrence of predissociation. 

»» Fitikelnburg, W., and Steiner, W„ Z. Pkysik, 79, 69 (1932). 
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"Vaughan, W. E., and Noyea, W. A,. Jr., 7. Am. Chem. Soc., 52, S59 0930); Groth, W. IZ. 
physik. Chem., 3TB, 307 (1937)] find, it 1.90 for the xenon lines 1295 and 1470A. 
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"See also Wulf, 0. E., Proc. Nat. Acad. Sci., 16, 508 (1930). 
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By tJie w&t of 6lters, GrilEth and Sliutt ^ concluded the most effective spectral 
Tt^om to lie between 7600 and 6700A and between 6150 and 5 100 A. decom^ 
position rate was proportional to the square of the ozone concentration. They 
believed the reaction to be catalyzed by hydrogen. Some water formation was 
also observed in accordance with the reaction H 2 "t- Oa"^H20 + O 2 . This latter 
reaction became predominant when the original ozone concentration was below 
2.4 per cent. In the presence of carbon monoxide/^ some carbon dioxide was 
produced in an analogous reaction, which, however, occurred to but a slight 
extent. The simple ozone decomposition was said to be catalyzed by foreign gases 
in the following decreasing order of effectiveness: hydrogen, (far more effective 
than the others), helium, argon, nitrogen, carbon monoxide, and carbon dioxide. 
These authors believed the mechanism of the decomposition to involve the forma- 
tion of activated molecules of ozone. These were then thought to combine each 
with an ozone molecule in its ground state to form a complex which, on collision 
with other molecules, might dissociate to yield from each complex three oxygen 
molecules. The temperature coefficient of the reaction was found to increase with 
the wave-length. 

Similar results were reported by Kistiakowsky,^^ who employed monochromatic 
light of 6200 A, used mixtures containing up to 70 per cent of ozone and varied 
the total gas pressures from atmospheric down to 9 mm. He found the quantum 
yields to be greater than two, and a direct function of the amount of red light 
absorbed and of the effective pressure of ozone in the system. He believed that 
in the absence of other added gases oxygen acted as an effective deactivator of 
excited ozone molecules and that those gases which, like hydrogen, seemed to 
catalyze the decomposition, appeared to do so only because they were less effective 
inhibitors than oxygen. 

Schumacher proposed a mechanism involving a photodissociation of the 
ozone into an oxygen molecule and an oxygen atom. Visible light is energetically 
capable of effecting this process, which requires 24.6 kcal., although this was not 
known at the time of Kistiakowsky’s first paper. The foreign gas inhibitions 
were attributed to their specific effects on the recombination of the dissociation 
products to form ozone in three-lx)dy collisions. In the case of hydrogen, an 
interaction oi the oxygen atom with the hydrogen molecules to form water was 
suggested as the cause of the ten-fold increase in the velocity of the ozone decom- 
position. 

The strong absorption of ozone in the ultraviolet region has been the subject 
of numerous investigations, some of which have been discussed in Chapter 10. 
The maximum lies at about 2550 A. According to Wulf and Melvin,^® the spectrum 
appears partly banded and partly continuous; the bands, of which there are 23 
of weak intensity between 3050 and 3400 A, become sharper at low temperatures. 
Schumacher believes an underlying continuum may be due to dissociation into 
an oxygen molecule in the ground state and an excited oxygen atom, or vice versa^ 
Kondratjew^® suggests that at wave-lengths less than 2700A both dissociation 

"Griffith, R. O., and McWillie, J.. /. Ch^. Soc., 123, 2767 (1923); Griffith, R, 0., and McKeown, 
A., Trans. Faraday Soc,, 21, 597 (1926). 

" Kistiaknwaky, G. B.. Z. physik. Chem., 117, 337 (1925) 

" Schomacher, H, J., /. Am. Chem. Soc., 52, 2377 (1930) ; Schumacher, H. J., and Spreng:er, G., 
Z. physik. Chem., IIB, 38 (1930); Z. Blektrochem., 38, 620 (1932). 

"Wulf, O. R., and Melvin. E. H., Phys. Rev., 38, 333 (1930). 

« Schumacher, H. J.. /. Am. Chem. Soc., 52, 2389 (1930). 

"Kondratiew, V.. Z. physik. Chem., 7B, 70 (1930); Jakolewa, A., and Kondratjew, V.. Physik. Z. 
Sotofefnnitmj 1, 472 (1932). 
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p^roducts itiay be in excited states. Mecke,^® admits this possibility but places the 
wave4engrth limit at 2655A.®® 

Early observations upon the rate of the decomposition of ozone in ultraviolet 
light were reported by v. Bahr and by Weigert*^* In the presence of hydrogen, 
a catalysis was observed. 

Using the wave-length 2530A, Warburg measured the quantum yield of the 
reaction under various conditions. For low concentrations of ozone, about 0.5 
per cent or less, the yield was 0.28. It was considerably greater in the presence 
of nitrogen (1.1) or helium (1.7). For high ozone concentrations, the yields 
increased to 3.5 at 9 per cent. With moist ozone at about this concentration, the 
use of the wave-length 2090A gave a quantum yield as high as 8, suggesting a 
chain reaction. 

Schumacher and Beretta find the mechanism of the reaction due to the wave 
length 3130A to be similar to that occurring in red light. Heidt and Forbes®*^ 
find from the magnitude of the quantum efficiency of the deedmposition of pure, 
dry ozone that even in the absence of water vapor the reaction produced by 2080, 
2540 or 2800 A has chain characteristics. The yields were frequently above two, 
sometimes four and even as high as 6.7, The quantum efficiency increased with 
the partial pressure of ozone and decreased with that of oxygen. No dependence 
of the quantum yield upon the wave-length was observed. The temperature 
coefficient was 1.2, or possibly slightly greater at very low temperatures. Heidt 
later found approximately the same quantum yields at 3130A as at 2080A. 

The Chlorine-Sensitized Decomposition of Ozone, In regions in whidi ozone 
does not absorb, its decomposition can be brought about by the addition of chlorine 
as a photosensitizer. This reaction was discovered by Weigert,®*^ who concluded 
its rate to be proportional to the light absorbed by the chlorine and independent of 
the ozone concentration. Bonhoeffer found the absorption of one quantum (4360 
or 4050A) to produce the decomposition of two molecules of ozone. More recent 
observations by Allmand and Spinks have shown quantum yields as high as 30 
(in some cases 59) at high ozone concentrations. Under these conditions the rate 
of reaction is proportional to the square r(X)t of the light intensity. Schumacher 
and Wagner suggested the formation of CIO as an intermediate product in this 
reaction, and Bodenstein, Harteck and Padelt®^ gave evidence for the formation 
of some CIO3. There are many complicating features, as an induction period 
(not observed by Weigert) and after effects. Allmand and Spinks suggested that 

^ Meckc, R., Z. physik. Chem. Bodenstein Festband, 392 (1931). 

For further details on the absorption bpcctrum of oa:one in the ultraviolet, see Lauchli, A., Heiv, 
phys, Acta, 1, 232 (1928): 2. Physik, 53, 92 (1929); Duthfeil, J. and M., /. Phys. Radium^ 7, 415 
(1926); Cabannes, J., and Uufay, J., J. Phys. Radium, 7, 257 (1926); Chalonge, D., and Lambrcy, M., 
Compt. rend., 184, 1165 (1927); Tsi-Zi^, N., and Shin-Piaw, C., Compt, rend., 195, 309 (1932); 
Vassy, E., Compt. rend., 202, 1426 (1936). 

«iv. Bahr, E., Ann, Physik, 33, 598 (1910), 

««» Weigert. F., Z. physik. Chem., 80, 78 (1912); Ber., 46, 815 (1913); Weigert, F., and B6hm, H., 
Z. physik. Chem., 90, 189 (1915). 

6»Warljurg, E., Sitzb. Preuss. Akad., 644 (1913). 

Schtupacher, H. T., and Beretta, U., Z. physik. Chem., 17B, 405, 417 (1932); Ritchie, M., Proc. 
Roy, Soc., 146A, 848 0934). 

w Heidt, L. J., and Forbes, G. S., /. Am. Chem. Soc., 56, 2365 (1934). 

w» Heidt, J., J. Am. Chem. Soc., 57, 1710 (1935). 

CT Weigert, F., Ann. Physik, 24, 243 (1907); Z. Elektrochem., 14, 591 (1908). 

“Bonhoeffer, K. F., Z. Physik, 13, 94 (1923). 
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dNtotine iormed m tile primary absorptioa process, may combine to ClOj 

on collision with ozone molecules and that a chain reaction may ensue and be 
Wuainated by the absorption of intermediate atoms or groups on the walls. Fur- 
thermore, some CIO^ molecules may unite to form chlorine hexoxide which in 
the presence of water forms chloric and perchloric acids. The combination of Cl 
at^s and^ oxygen molecules may also give rise to CIO 2 . The latter, reacting 
With ozone, forms oxygen molecules and ClOg groups. 

Heidt, Kistiakowsky and Forbes found highly abnormal temperature coeffi- 
cients ranging from 0,7 to 14.6. The purer the gases the more erratic were the 
rei^ults and the more prominent a *'fast^^ reaction in the dark following a brief 
exposure to light. A marked decrease in the rate with the time of illumination 
was also observed. No mechanism could be proposed capable of explaining the 
results. In a subsequent investigation, Norrish and Neville®^ observed a red 
liquid oxide of chlorine (ClOg)^ and suggested that its separation and slow decom- 
position might in some manner account for the observations of Heidt, Kistiakow- 
sfcy and Forbes. Norrish and Neville found that at low ozone concentrations, the 
reaction is of zero order and has a chain mechanism. At high ozone concentra- 
tions, in agreement with Allmand and Spinks, the rate was proportional to the 
aquare root of the light intensity (36S0A). At high concentrations of oxygen and 
chlorine, the rate was proportional to the first power of the intensity and the reac- 
tion was inhibited. The quantum yields varied from two to about ten. Chains 
may be propagated both by chlorine atoms and by CIO radicals. Nitrogen and car- 
bon dioxide appeared to have no effect on the reaction. Rollefson and Byrns 
isolated CIO^ from the reaction mixture and noted that its occurrence therein pre- 
vwits pressure measurements from affording an accurate indication of the amount 
of ozone decomposed. They also produced evidence for a reaction mechanism 
involving Cl^O^. 

The chlorine-sensitized decomposition of ozone was used in actinometry by 
Cremer since when low ozone concentrations are employed and light absorbed 
only by chlorine is used, the quantum yield is generally found to be two. Even 
in Carbon tetrachloride solution, quantum yields of two have been observed for 
both the unsensitized and the sensitized ozone decompositions.®^ 

The effect of irradiation of ozone-chlorine mixtures by wave-lengths absorbed 
by the ozone rather than by the chlorine has been investigated by Bodenstein and 
Schumacher,®^ who proposed a mechanism involving directly excited ozone mole- 
cules. These were thought to react with chlorine molecules with the formation of 
the CIO radical and ClOg. They found also that chlorine hexoxide was produced 
and that Its yield could be increased by lowering the temperature or by increasing 
the size of the reaction vessel. 


The Formation and Decomtosition of Water 

Absorption. Water vapor commences to absorb light quite suddenly at about 
1800 A.®® Rathenau®® found predissociation bands between 1780 and 1540A and 

« Heidt, t,. J,, Kiftiakowsky, G, B„ and Forbes, G, S., /. Am Chem. Soc., 55, 223 (1933). 

« Norrish, R, G. W., and Neville, G. H. J., Nature, 131, 544 (1933); Chem. Soc., 1S64 (1934) 
« Rollefson. G. K., and Byms, A. C, /. Am. Chem. Soc., 56, 364 (1934). 

» Cremer, E., Z. phyetk. Chem., 125, 285 (1927). 

Bowen, E. J„ Moelwyn-Hnghes, E. A., and Hinahelwf>od, C. N., Proc. Roy. Soc , 134A, 211 (1931). 
•’’Bodenstein, M., and Schumacher, H. J., Z. phyeik. Chem., SB, 233 (1929). 

« n830A in 17 mm. layers of liquM water, I^euslef, H., Atm. Physik, 6, 412 (1901)1 • Leifson 
S^VL.^AHropkys. J., IB, 73 (1926); Goodevc, C. F., and Stein, N. 0„ Trans, hraday stc, 

•RMhenau, G., Z. Phyeik, «7, 32 (1933). 
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agiiiti at 1340A. Mecke believes there is a series of bands converging U 1390A, 
corresponding to a dissociation into an excited hydroxyl radical and a hydrogen 
atom. A continuous region near 1800A may correspond to a dissociation into a 
hydrogen atom and a normal state hydroxyl radical. Qtiantitative data on the 
absorption of water in the longer wave-length ultraviolet and in the visible have 
been given by Granath and by Dawson and Hulburt 

According to Plotnikow, the first observation of the photo-chemical decompo- 
sition of water into hydrogen and oxygen was made by Baker. Similar observa- 
tions were made by early workers with the quartz mercury arc.^^ Tian/® who 
obtained traces of hydrogen peroxide, clearly recognized that only the shortest 
waves passing through quartz were capable of effecting the decomposition of water. 
Dhar believes water vapor in the upper atmosphere to be decomposed by the 
solar ultraviolet. 

Coehn described the production of a stationary state in which irradiation of 
water vapor caused a decomposition of 0.2 per cent; the decomposition increased 
with the light intensity and decreasing pressure. Andrejeff,*^® however, found that at 
200®C., in the stationary state, decomposition had proceeded to only 0.002 per cent. 
No theoretical studies from the modern viewpoint are available. 

The formation of hydrogen peroxide from water and oxygen by ultraviolet 
rays has been observed. It appeared to depend largely upon special experimental 
conditions or possibly upon the presence of impurities.'^® 

Earlier workers claimed to have been able to induce the combination of hydro- 
gen and oxygen by exposure to the ultraviolet radiations of a mercury arc. 
Although Thiele®® believed the presence of moisture not to be necessary for the 
combination to occur, Baker and Carlton®^ were unable to observe any contrac- 
tion during irradiation for five or six hours of gases which had been dried several 
weeks. Wet gases showed a certain amount of reaction during the same period 
of irradiation. 

Kistiakowsky ®2 investigated the reaction in two wave-length regions, the 
source being a condensed spark between aluminum disk electrodes. When the 
lines about 1720A, that is, within the continuous absorption region of oxygen, 
were employed, the yield of ozone in the presence of hydrogen was only one-fourth 
of that in the presence of nitrogen and an equal amount of hydrogen peroxide was 
also formed. The ozone yields were proportional to the relative concentrations of 
oxygen in the hydrogen -oxygen mixture, and the yields of hydrogen peroxide were 
proportional to the concentration of hydrogen. In the more recent experiments 
it was found that in the presence of increasing concentrations of hydrogen, the 
ozone yield decreased to zero and the yield of hydrogen peroxide increased At 

Mecke, R., Trans. Faraday Soc*, 27, 369 (1931). 
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•WAndrejeff, T.. Z. Elektrochem,, 19, 551 (1913). 

wKembanm, M.. Compt rend., 148, 70S (1909); 149, 116, 273 (1909). 

«oThiclc. H., Z. anoew. Chem., 22, 2472 (1909). 
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Ihtd., 57, 835 (1935). 
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tiigh pressures, the yield ol water parallels that of hydrogen peroxide. At lower 
pressures^ the yield of water also increases, although not at the expense of oz<me or 
peroxide* In a one to one oxygen^-hydrogen mixture, the rates at which the 
excited oxygen atoms react with oxygen or hydrogen are nearly equal. The fol- 
lowing system of partial reactions was suggested : 


0 + 0, > 0. 

(1) 

0 + H. »■ OH + H 

(2) 

H + 0, » HO. 

(3) 

OH + OH >■ H,0, 

(4) 

HO. + HO, — > n.o. + 0, 

(5) 

OH 4 HO. » H.0 + 0. 

(6) 


It Was believed that (2) did not occur readily, the hydrogen molecule showing an 
unexpected stability. However, the possibility thjit oxygen atoms might unite 
with hydrogen in three-body collisions with oxygen molecules appeared to be 
admissible, (2) and (3) occurring together as 

O -f 0« + Ha > OH + HO.. 

Kistiakowsky and Smith believed, contrary to Ritchie,®® that reaction (1) has an 
activation energy of zero. Nevertheless, the formation of ozone was also thought 
to take place in triple collisions 


O Hh Oa -f* Os — — > Oa "f Os. 


In later experiments (1935) it was possible to demonstrate the formation of 
hydrogen peroxide which had been missed in the earlier experiments (1930), even 
when wave-lengths of the band region (1854-1 862 A) were alone employed, the 
strong aluminum lines at 1720 A being removed by an oxygen filter. The yield, 
however, was only half that produced in the experiments with shorter wave-lengths. 
It appeared that one-half of the absorbed light of the longer wave-lengths forms 
ozone irrespective of the composition of the gases, the other half giving rise to the 
same sequence of reactions as occur under shorter wave-length illumination. To 
explain this, the primary process was assumed to he the formation of excited oxy- 
gen molecules which react with oxygen molecules to give ozone and atomic oxy- 
gen, but which suffer only elastic collisions with hydrogen. No attempt was made 
to determine the rate of water formation in this region. 

Flory®® suggests that in the band region predissociation of oxygen produces 
two normal state oxygen atoms, and that the differences in the reaction as con- 
ducted in the band and continuous regions are to be attributed to the different 
states of the oxygen atoms formed by predissociation and by dissociation. 

Neuimin and Popov also studied the reaction in the Schumann region, using 
hydrogen at 0.1 mm. pressure, and found quantum yields (for peroxide formation) 
of approximately 0.1. Their mechanism was similar to that subsequently given by 
Kistiakowsky, except that they believed that in the reaction between excited oxy- 
gen atoms and hydrogen molecules, the hydroxyl radical formed (along with a 
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atom) was excited with vibrational energy up to 2 electron-volts. They 
also assumed that the combination of two hydroxyl radicals was a wall reaction. 
Miyanishi studied the influence of temperature upon the reaction. Kistiakowsky 
found the formation of water to be greatly increased at high temperatures. 

The Mercury^Sensitised Reaction. (See also page 257, chapter 16.) Marshall 
investigated the mercury-sensitized reaction of hydrogen and oxygen, ' At 50® C., 
the fall in pressure of dried gas mixtures ranging in composition from 406 mm, 
hydrogen and 148 mm. oxygen to 572 mm. hydrogen and 156 mm, oxygen, was 
24.7 mm. per minute. The pressure-time curves showed an initial break at a point 
corresponding with saturation of the gas with water-vapor, after which the curves 
were linear. When oxygen was present in excess, the rate decreased rapidly as 
the reaction proceeded. However, in the reaction of stoichiometric mixtures, the 
rate remained constant. Marshall believed the true temperature coeffleient to be 
near unity, but experimentally many corrections were necessary because the con- 
centration of mercury vapor varied with the temperature and because the quantum 
yield varied with temperature. For the formation of hydrogen peroxide, the quan- 
tum yield was found to be 2.5.®^*^ At least 75 per cent of the total yield of products 
was peroxide. The mechanism suggested involved the reactions, 


Hg* -f H. 

» Hg 4- 2H 

(1) 

H + Oa > HOs 

(2) 

HO, + 11. 

> HaOa + H 

(3) 

2H.O. — 

2 II 2 O + 0. 

(4) 


Marshall later found the optimum mercury vapor pressure for the formation of 
hydrogen peroxide to be 0.005 mm. The greater rate of reaction in the presence of 
higher concentrations of mercury was offset by decomposition of the hydrogen per- 
oxide formed. The rate of the reaction probably varied as the first power of the 
light intensity. The maximum rate of formation of hydrogen peroxide was 2 gtn. 
per hour. 

Frankenburger and Klinkhardt,^^^ obtained somewhat different quantum yields 
at room temperature. The qmmtum yield for water was greater (1.5-2 5) and 
that for hydrogen peroxide lower (1-2). They objected to the mechanism pro- 
posed hy Marshall for the formation of hydrogen peroxide (Reactions 2 and 3) on 

the ground that the reaction HO^ + H 2 > ^^ 2^2 d- H is endothermic by 31 kcal. 

Barak and Taylor reported that this conclusion was based upon an unwarranted 
assumption, and stated that reactions 2 and 3 are together exothermic. Farkas 
and Sachsse have shown that hydrogen atoms react with Oo molecules to produce 
HO 2 by three-body collisions. It is necessary to build up a mechanism of the type 
devised by Marshall if the quantum yield of hydrogen peroxide is really two or 
greater, since a chain mechanism is demanded. If, however, as Frankenburger 
found, the yield is lower, a chain meciianism is not necessary. Then, however, it 
would be necessary to account for the higher yields of water, assumed to be formed 

Miyattishi, M., Sci. Papers Inst. Phys. Chem. Research (Tokyo), 26, 70 (1935); Cheni. Abs., 29, 
2852 (1935), 

«» Marshall, A. L., J. Phys. Chem., 30, 34, 1078 (1926); Taylor, H. S., and Marshall, A. L., 
Ibid., 29, 842, 1140 (1925). 
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direttly aiKl not thrcmgh hydrogen peroxide, by a chain mechanism, as one proposed 
by |P«;^ocfler and Haber Frankenbnrger and Klinkhardt assumed the hydro^n 
pernacide to be formed by the union of two OH radicals in a three-body collision. 
Bates, suggfested that the discrepancy between the results of Frankenburger and 
Klkd^rdt and those of Marshall may be due to the fact that the former workers 
used a light intensity a hundred-fold greater than that employed by Marshall. Bates 
favored the Marshall mechanism. 

The amount of mercuric oxide formed in the course of the reaction may exert 
a considerable effect upon the rate and may influence the results. Noyes found 
no appreciable reaction between mercury and normal state oxygen atoms. But 
under conditions in which ozone may be formed, there is a reaction. Noyes also 
suggested the possibility of the formation of a relatively unstable complex (between 
excited mercury atoms and oxygen ) which may be converted into ozone on col- 
lision with oxygen molecules. Franck®^ finds that at pressures of oxygen below 
1 on., the formation of mercuric oxide initiated by excited mercury atoms is 
proportional to the incident intensity of the resonance line of mercury and to the 
number of damped collisions of mercury with oxygen. Also, the formation of 
the oxide was said to be independent of the presence of shorter wave-lengths in 
the incident radiation. At greater oxygen pressures, mercury oxide is formed 
when oxygen molecules alone are excited by the lines 1860, 1935 and 1990A, 
which produce ozone. Therefore, excited mercury is not necessary for the syn- 
thesis of mercuric oxide in the presence of ozone. 

The velocity of tlie photosensitized reaction between hydrogen and oxygen is 
slightly higher than that between deuterium and oxygen, but the temperature coeffi- 
cients of the two reactions seem to be identical.®'^ 

The formation of water may also be sensitized by substances other than 
mercury. The formation of water during the combination of hydrogen and 
chlorine may be regarded as a reaction in which chlorine is the photOvSensitizer. 
In this reaction, Cremer®® found the rate of formation of water to be propor- 
tional to the chlorine concentration. He suggested that an excited chlorine 
atom could pass its excitation energy over to an oxygen molecule, as could an 
excited Cl^j molecule. The excited oxygen molecules might then react to form 

water by the process: 02’*‘ + 2H2 ^2H20. Norrish®® doubted this mechanism, 

since he believed the low excitation energy of the metastable chlorine atom would 
be insufficient to activate the oxygen molecule sufficiently to enable the latter to 
react with hydrogen. He stated that the inhibiting effect of oxygen on the hydro- 
gen-chlorine combination is due to the reaction of molecules of oxygen with hydro- 
gen atoms of the chain to form OH radicals. The latter can combine at ordi- 
nary temperatures to hydrogen peroxide. He found the peroxide to be produced 
in appreciable quantities when mixtures of oxygen, hydrogen and chlorine at 
atmospheric pressure were irradiated with light from a mercury arc. Also, it 
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was statai that if the partial pressure of chlorine in the mixture is above a 
certain critical valtie (temperatures between 0® and 300°C.) exposure of the mix- 
ture in glass to the light from a mercury vapor lamp will result in a practically 
instantaneous explosion with quantitative conversion of the hydrogen and oxygen 
to water. Below this partial pressure of chlorine, a rapid reaction between the 
hydrogen and chlorine occurs, only a trace of water being formed. The limiting 
pressure of chlorine increases rapidly as the lower temperatures are approached. 
His mechanism involved the reactions : 

H -f H, 4- O, > OH + H*0 

OH + Ha ^ H 4- H*0. 

It was reported that the second of these reactions cannot occur spontaneously 
at temperatures below 400® C. In answering certain objections of Semcnoff,^®^ 
Norrish stated that for an explosion to occur, a small volume elentent of the mix- 
ture must become heated to 600® C. 



2200 2400 2600 2800 3000 

X, A. 

Figuhe 112. Absorption by Hydrogen Peroxide (Urey, Dawsey, and Rice, Journal 
American Chemical Society). 4- = vapor; o=solution. 

Certain nitrogen compounds may also sensitize the reaction of hydrogen and 
oxygen. Farkas, Haber and Harteck^®^ found small quantities of ammonia to 
increase the reaction velocity at temperatures between 120® C. and 420® C. with and 
without irradiation by a zinc spark.^^^ Taylor and Salley measured the tem- 

=^0® Norrish, R, G. W., Nature, 127, 853 (1931); Proc. Roy. 5oc., 135A, 334 (1932); Physik. Z. 
SowJ, 3, 225 (1933). 

i<aSemenoff. N., Physik. Z. Sowj., 3. 225 (1933). 

Farkas, L., Haber, F., and Harteck, P., Naturwiss., 18, 266 (1930). 

10® See also Taylor, H. S., and Bates, J. ,R., Nature, 125, 599 (1930) for the formation of atomic 
hydrogen by the photodissociation of ammonia. 

^0* Taylor, H. S., and Salley, D. J., /. Am. Chm. Sac., 55, 96 (1933). 
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pftffttiite coefficients of the mercury ^sensitized and of the ammonia-sensitized 
reactions at high temperatures. The results indicated that in the presence of 
^monia long reaction chains occur above 300° C, but that in the mercury-sensi- 
tized reaction lengthening of the chains occurs only above 490° C The chains may 
he propagated by atomic hydrogen, amino-radicals, or intermediate oxidation 
products. 

Nitrogen peroxide functions also in photochemical combination of hydrogen 
and oxygen. On absorption of light the peroxide dissociates into NO and O 
which then start the reaction chain between hydrogen and oxygen.^®® 

The Decomposition of Hydrogen Peroxide. Urey, Dawsey and Rice deter- 
mined the coefficients of absorption of hydrogen peroxide vapor at room tem- 
perature (Figure 112). The continuous nature of the curve indicates a dissociation 
of the molecules. The peroxide molecule was regarded as formed of two OH 
radicals. From thermochemical data it did not appear possible to choose between 
the following methods of dissociation: (a) into 20H, (b) into H and HO^ and 
(c) into HgO and O. The first poswsibility was favored since the emission spec- 
trum of hydrogen peroxide, streamed rapidly through a cool discharge tube, was 
predominantly that of OH. Since illumination of hydrogen peroxide vapor witli 
the zinc spark lines (2025-2138A) caused the water bands (OH) to appear in 
fluorescence, it was concluded that the following reaction must occur : 

H.O. + hy > OH(T) + OH(^S) 

For wave-lengths between 2200 and 3000A, there was favored the reaction 


Ha0s4- > OH(Ti/ 2 ) -f- OH(‘Ts.). 

Sharma,^^^ however, states that reduction of cupric oxide on irradiation in 
an absorption tube with hydrogen peroxide indicates the formation of atomic 
hydrogen (process b). 

A mixture of 1 per cent hydrogen peroxide in carbon monoxide v^hen circu- 
lated at 40° past a quartz window transmitting the wave lengths 2070 and 2530A 
produced carbon dioxide by a slow reaction.^®^ 

When the carbon monoxide was replaced by hydrogen, water was formed. It 
was assumed that there was a primary decomposition of the peroxide into two 
hydroxyl radicals which then reacted slowly according to the mechanism pro- 
posed by Bonhoeffer and Haber and by Lavin and Jackson.ii^ 


OH -f Ha > HaO -f H 

OH + CO > COa + H. 


Had the photodissociation of the peroxide yielded instead water and an oxygen 
atom (process c), no interaction with hydrogen or carbon monoxide should have 
been observed, since the oxygen atoms would be expected to react much faster 
with hydrogen peroxide than with hydrogen or carbon monoxide. The reaction 


y>»Nornsh, R. G. W., and GriflBtha, J. G. A., Pror, Roy. Soc.. 139A, 147 (1933)- Mivanisht M 
Set. Papers Inst Fkys. Chem. Research (Tokyo), 27, 47 (1935); Chem. Ahs., 29, 53!>1 (1935). ' 

i«Urey, H. C„ Dawsey, L. H., and Rice, F. O., J[. Am. Chem. Soc., 51, 1371 (1929), See also 
Fergjusson, W. C., Slotm, L., and Style, D. W. G., Trans. Faraday Soc., 32, 956 (l93f»). 

29 ^ United Provinces Agra Ondh. India, 4, 51 (1934); Ciiem Abs 


Elbe, G., J. Am. Chem. Soc., 54, 822 (1932); 55, 62 (1933). 

Bonhoeffer, K. F., and Haber, F., Z. physik. Chem., 137A, 263 (1928). 

Lavin, G. I., and Jackson, W. F.. J. Am. Chem. Soc., 53, 383, 3189 (1931). 
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between OH and was considered to require an activation energy of not less than 
14 kcal. This would keep the rate sufficiently small at temperatures below about 
400® to make the predominant reaction 

OH + OH + M ^ H«0* + M. 

But from consideration of the data obtained at various partial pressures and tem- 
peratures it was believed that this last reaction ought to be excluded Accordingly, 
the results were regarded by v. Elbe as not sustaining the reaction scheme pro- 
posed for the mercury*sensitized hydrogen-oxygen reaction by Frankenburger and 
JKlinkhardt which involved the recombination of 20H to H202.^^^ 

The Photo-Oxidation of Hydrogen Iodide. Bates and Lavin^^^ studied 
this reaction at pressures of 50-100 mm. of hydrogen iodide and 150-500 mm. of 
oxygen at 0®C. Their results led to the conclusion that the quasi-molecule HOg 
may have a life of 10“^ or 10"*^ second, much longer than is usually assigned to 
such complexes. Kondrat'ev, Kondrat'eva and Lauris studied the effects of 
irradiating various mixtures of hydrogen iodide and oxygen both in Uviol appa- 
ratus transmitting only wave-lengths longer than 2800A and in a quartz apparatus. 
A larger proportion of the hydrogen iodide was oxidized under the latter conditions. 
To explain the difference they assumed that in quartz along with the reaction 

H + Og there occurs the reaction H Og > OH + O. Otherwise 

the results could be explained by assuming that the probability of occurrence of 

the reaction II 4- O^ ^ increases with an increase in the kinetic energies of 

the hydrogen atoms and oxygen molecules. 

Bodenstein and Schenk pointed out that the results of Bates and Lavin 
might be explained equally well on the assumption that the reaction between H 
and Og occurs as either two-body or three-body collisions. Kinetic studies by 
Cook and Bates indicated the reaction to be of the latter type, the third body 
being chiefly either oxygen or hydrogen iodide molecules. The presence of an 
inert gas such as nitrogen speeds up the reaction. In similar experiments, it was 
shown that deuterium iodide is always more completely oxidized than is hydrogen 
iodide. 

Winther studied the rate of oxidation of hydriodic acid in the light and In 
the dark in various solvents. 

Photochemicat. Reactions of the Oxides of Chlorine 

Chlorine Monoxide. Balard, the discoverer of chlorine monoxide, observed 
its decomposition in light into chlorine and oxygen.'^’^ Bodenstein and Kistia- 
kowsky found that one absorbed quantum (4050 or 4360A) caused the decom- 
position of two molecules of the monoxide, whether the quantum was absorbed 
by chlorine monoxide or by some chlorine also jjresent The reaction was unaf- 

Franketi burger, W, and Klinkhardt, H., Trant, Fmaday Soc , 27, 431 (1931); Z. physik* Ckem, 
15B, 421 (1932). 

Bates, J. R., and Lavm, G. I., J. Am. Chem. Soc., 55, 81, (1933), 

^ Kondrat’ev, V., Kondrat’eva, E., and Lauris, A., J. Phys. Chem. (U.S.S.R.), 5, 1411 (1934); 
Chem. Abs, 29, 7810 (1935). 

’^♦Bodenstein, M., and Schenk, P. W., Z. phystk. Chem, 20B, 420 (1933). 

^’«Cook, G. A., and Bates, J. R., /. Am. Chem. Soc,, 57, 1775 (1935); see &Ho Kistiakowsky, G. B., 
and Smith, H. A., Ibid., 57, 835 (1935). 

Winther. C„ Z. physik, Chem., 113, 275 (1924); 3B, 2^9, 315 (1929); sec also Plotnikow, I., 
Ibid., Ill, 171 (1924). 

’’T Balard, A., Ann. Pharm., 14 , 167, 298 (1835). 

BcKlenstein, M., and Kistiakowsky, G. B., Z. physik. Chem., 116 , 371 (1925). 
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imtitd hf the presence of air and the tempcratttre coefficient was L09. SimB 
amotmts of chlorine dioxide were formed during the decomposition* Schumacher 
and Wagner proposed a mechanism for the reaction in which CIO appears as 
ah intermediate product, 

iThe absorption spectrum of chlorine monoxide is continuous from 2200 to 
8500A, so that dissociation is implied. The extinction coefficients have different 
values in various wave-length regions. Attempts have been made to assign dif- 
ferent dissociation processes to different wave-length regions.^^^ 

CJoodeve and Wallace considered three types of dissociation, yielding respec- 
tively, CI 3 and O, CIO and Cl, and Cl, Cl and O. Finkelnburg, Schumacher and 
Stihger, however, disregard the first possibility and believe that the absorption 
beginning at 6600A corresponds to the second of these possibilities of dissociation, 
the chlorine atom probably being excited. Maxima apparent at 5300 and at 4100A 
were attributed to the same dissociation products but in different states of excita- 
tion. Both groups of workers attribute the maximum at 2560A to dissociation into 
an oxygen atom and two chlorine atoms. 

For the wave-lengths 436, 365 and 313 m/x, the rate of decomposition is pro- 
portional to the amount of light absorbed, and therefore, independent of the 
chlorine pressure and also of the CI 2 O pressure until the latter falls below a 
certain limit. Finketnburg, Schumacher and Stieger found a higher value than 
Bodenstein and Kistiakowsky for the quantum yield. It was about 3.5 and varied 
by only 10 per cent between the extreme wave-lengths. The temperature coefficient, 
(1.1 in agreement with Bodenstein and Kistiakowsky), increases as the tempera- 
ture rises. The chain reaction observed was accounted for by the following 
processes : 


CIjiO + Ar “ 

CIO 4- Cl 

(1) 

Cl 4- QaO Ch 4- CIO 

(2) 

ao + a.o - 

^ Qa 4* Oa 4- Cl 

(3) 


Other intermediate products were noted to he 002 a brown higher oxide of 
chlorine of unknown composition. A smaller quantum yield observed when the 
reaction is conducted in solution in carbon tetrachloride was explained by 
Finkelnburg, Schumacher and Stieger on the assumption that the recombination 
reactions 

Cl 4- Cl Cl, 

Cl -h CIO > ClaO 


occur so much more frequently in the solution than in tlie gaseous slate that they 
compete effectively with reaction ( 2 ). 

The use of shorter wave-lengths (2350-2750A) increases the quantum yield 
to 4.5 at 20®C.^^® The addition of hydrogen accelerates the decomposition, at least 
up to the stage at which the secondary reaction, H 2 + Cl 2 -» 2 HC 1 , becomes 
prominent^^^ Chlorine and oxygen are the main products. Hydrogen atoms are 
not as important as the CIO radical in continuing tlic chain, when the pressures of 
Q 2 O and H 2 are comparable. 

The decomposition of chlorine monoxide can be effected by the 5460A line 


Schumacher, H. J., and Wagner, C., Z. physik. Chem„ SB, 199 (1929). 
i^Goodcvc, C F., and Wallace, J., Trans, Faraday Sac., 26, 254 (1930), Finkelnburg. W.. Schu- 
macher, H. jf., and Stieger, G., Z. physik, Chem., tSB, 122 (lOU). 

Dicfcbison, R. G., and Jeffreys, C. E. P,, J, Am. Chem. Soc., 52, 42B8 (1930), 

Schumacher, H. J., and Towneiid, R. V., Z. physik. Chem., 20B, 375 (1933). 

“•Iredale, T., and Edwards, T. G., /, Am. Chem. Sec., 59, 761 (1937). 
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in the presence of bron^ine as photosensitizer ; under these conditioxiSy the quantum 
yield is 4,3*^^ 

Chlorine Dioaeide. Absorption bands of chlorine dioxide, beginnings in 
the blue and violet regions ^^5 and extending to about 2700A, exhibit rotational 
fine structure only on the low-frequency side of 3750A.^^® At this point they 
begin to become diffuse because of predissociation. Schumacher believes a normal 
oxygen and QO radical are produced and that at wave-lengths shorter than the 
convergence limit (2650A by extrapolation), the O atom is liberated in the 
excited state (^D). Bowen reported the photodecomposition of the dioxide to 
produce chlorine, oxygen and ClgO^. Spinks, who secured similar products, 
found light in the blue and ultraviolet regions equally effective for photodecompo- 
sition. Since chlorine dioxide does not absorb at 5460A, this wave-length is 
ineffective photochemically, except in the presence of bromine when a sensitized 
reaction occurs with a quantum efficiency practically equal to that produced by 
the 3650A line. 

In later studies, it was shown that in the presence of moisture the reaction 
is more regular than in the case of the dry gas. The quantum efficiencies for the 
moist gas are 3.7 at 36S0A (predissociation region) and 3.1 at 4360 A (excited 
molecule region). No atomic chlorine is formed. For low concentrations of 
chlorine dioxide the yield is independent of concentration and light intensity. In 
dry gas at 17°, the pressure decreases as CIl 20 e is formed and condenses on the 
walls.^^® The reaction is sensitive to temperature changes. At 30°, the pressure 
increases owing to the decomposition of CI 2 O 0 which yields chlorine and oxygen. 
In aqueous solutions, at concentrations of chlorine dioxide below 8 per cent, the 
rate of decomposition is proportional to the light intensity. In the solution there 
can be detected hypochlorite, chlorate and perchlorate ions. 


Photochemical Reactions of Carbon Compounds 

Photolysis of Carbon Dioxide. A 15-mm. layer of carbon dioxide at atmos- 
pheric pressure exhibits a series of absorption bands beginning at about 1710A (or 
somewhat longer wave-lengths) ; these apparently are superposed upon a continuum, 
possibly indicative of dissociation into carbon monoxide and oxygen.^^^ Chap- 
man, (ihadwick and Ramsbottom showed that after long intermittent illumina- 
tion, dry carbon dioxide at atmospheric pressure was decomposed to the extent of 
2.6 to 3 per cent. This decomposition was estimated by determining the ratio of 
carbon monoxide to carbon dioxide in the resulting gases. The oxygen was 
partially ozonized. When very carefully dried catbon dioxide was used, it was 
claimed that as much as 46 per cent could be decomposed in 45 hours. No decom- 
position whatever could be detected as a result of the irradiation of moist gas. 


Brown, A. G.. and Spinks, J. W. T., Canadian L Research, 15B, 113 (1937). 
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Rev., 44, 376 (1933). 
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bursT, W., Z. physik. Chem. Bodenstein Band, 704 (1931). 
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The of w:?iter upon the reaction was verified by Coehn and Sieper.^®^ 
The water underwent no change and neither formic acid nor formaldehyde 
formed^ It was also observed that the photolysis of dry carbon dioxide by radia- 
tions shorter than 2S40A occurs at a rate inversely proportional to the pressure. 
A final stationary state is eventually reached. These authors claimed also that 
some formaldehyde is produced during the irradiation of a mixture of equal volumes 
of carbon dioxide and hydrogen. 

More recently, Coehn and Spitta confirmed and extended the observations 
on the effect of water upon photolysis of carbon dioxide. They concluded that 
optimum decomposition at a pressure of 300 mm. occurs in the presence of a very 
small proportion of water; the addition of larger quantities of moisture or further 
drying was believed to reduce the decomposition. These conclusions were based 
upon the observation that 1 per cent decomposition occurred in a sample dried over 
sulfuric acid, but that a gas which had been in prolonged contact with phosphorus 
pentoxide was not altered on irradiation. Drying by liquid air reduced the decom- 
position to 1 per cent but in this gas the addition of a very small quantity of mois- 
ture and subsequent ultraviolet irradiation produced a decomposition of 10.5 per 
cent. Coelin and May have more recently confirmed the inability of ultraviolet 
light to cause a decomposition in extremely dry carbon dioxide. The xenon lamp 
decomposes carbon dioxide with a quantum yield of 0.98.’^® 

It has been stated by Zenghalis that the reduction of carbon dioxide in 
aqueous solution by very finely divided hydrogen takes place very slowly in the 
dark, but is markedly accelerated by sunlight and still more so by ultraviolet rays. 
In all cases the formaldehyde first produced undergoes polymerization.^^'^*‘ 

Carbon Monoxide. Although the band spectrum of this gas has been much 
studied, its complexities are of little photochemical significance.^*'^** A series of 
bands extends from about 2064,5 A to 920A. The absorption is but slight at wave- 
lengths longer than 1546A. No continuous region is recorded since the heat of 
dissociation into normal atoms is too great for this process to occur in any readily 
available spectral region. There may be a predissociation limit at 1063 A. Har- 
teck, Groth and Faltings find irradiation with the line 129SA (but not with 
1470A) leads to the formation of carbon dioxide and carbon suboxide. 

Thiele observed that carbon monoxide and oxygen unite less readily under 
ultraviolet irradiation than do hydrogen and oxygen. Coehn and Tramm 
reported that the presence of moisture has no effect on union of carbon monoxide 
and oxygen. Exposure of moist and various dried mixture.s to the radiations 
from a quartz mercury arc led to practically the same result, combination occur- 
ring to the extent of 4 or 5 per cent within an hour. There was, however, some 
effect of moisture upon the degree of explosibility of the gas mixtures when treated 
by a spark. A moist mixture could be exploded by a spark at any pressure. A 


“•Coehn, A, and Sieper, G., Z. physik. Ckem., 91, 317 (1916). 

“•Coehn, A., and Spitta, T., Z. physik. Ckem., 9B, 401 (1930), 

“•Coehn. A., and May, B. W., Z. physik. Chem., 26B, 117 (1934). 
iw Groth, W., Z. physik. Chem., 37B, 307, 315 (1937). 

Zenghalia, C. D,, Compt. tend., 171, 167 (1920); /. Soc. Chem. Ind.^ 39, 596A (1920). 
i87« pQj. the sensitized reaction between carbon dioxide and water, sec Chapter 43. 
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mixture dried by short exposure to solid carbou dioxide and alcohol could not be 
exploded, but burned quietly, A mixture which had been cooled for a sufficient 
time could not be ignited, although a pale bluish zone appeared around the spark 
gap and slight combination was indicated by a small diminution in pressure. 

An increase in the temperature coefficient with temperature was observed by 
Kistiakowsky.^^^ This report and the fact that the gas mixture can be made to 
explode suggested to Jackson that chain reactions are set up. The lack of 
absorption by carbon monoxide requires that the reaction produced by the 1720A 
line group of aluminum be explained by a primary dissociation of oxygen mole- 
cules. Since the yield of ozone was found to be about the same in mixtures of 
oxygen with either carbon monoxide or nitrogen, Jackson concluded that the 
efficiency of the process 04* CO— >C 02 must be at least 150 times lower than 
that of fte reaction O 4- O 2 O 3 . The activation energy of the first reaction is at 
least 3 kcal. greater than that of the latter, providing the steric factors influencing 
the efficiency of the collisions arc the same in both cases, Harteck and Kopsch 
have reported a similar unreactivity of oxygen atoms (from a discharge tube) 
toward carbon monoxide. 

At high temperatures ( 500-550° C.), the dry oxidation of carbon monoxide is 
practically independent of temperature and total pressure. When water is present, 
the rate depends on the total pressure and has a large temperature coefficient. In 
the presence of water, the following chain may be set up, according to Jackson, 

O 4- HsO > OH + OH 

OH 4- CO ^ COa 4- H 

H 4- Oa 4- CO > COa 4- OH. 

TJie last two reactions had been suggested by Farkas, Haber and Harteck to 
explain the photosensitizing action of ammonia in the oxidation of carbon monoxide. 
The primary photodissociation of the ammonia produces NH 2 and a hydrogen 
atom, the latter starting the last reaction. It has subsequently been found by 
Jackson that at high temperatures, hydrogen peroxide is also formed in the 
presence of moisture.^^"^ 

Popov studied the oxidation of carbon monoxide at pressures as low as 
0.01-1.5 mm. of mercury and at temperatures up to 150°, He found the reaction 
of carbon monoxide and atomic oxygen to be heterogeneous and to have a very 
small energy of activation. Contrary to the case of the oxidation of carbon mon- 
oxide by atomic oxygen obtained by means of a discharge, the efficiency of wall 
collisions was found to be large. This efficiency could be explained by assuming 
the participation of metastable oxygen atoms, which are obtained along with 
normal state atoms during the photodissociation of molecular oxygen. The reac- 
tion is then CO^ds. "1~ principal process. A correlation between 

the constants for the kinetic expression for this reaction and the isotherm of the 
adsorption of carbon monoxide on quartz could be shown, 

Kistiakowsky, G, B., Froc, Nat. Acad. Set., 15, 194 (1929). 

’^Jackson, W. F., /. Am. Chem. Soc,, 56, 2631 (1934). 

Harteck, X*., and Kopsch, U„ Z. physik. Chem., 12B, 327 (1931). 

^Farkas. L,. Haber. F., and Harteck, P., Naturwiss., 18, 266 (1930); Z. Elektrochem., 36, 711 
(1930). 

^•Jackson, W. F., /. Am. Chem. Soc., 57, 82 (1935). 
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the reaction, although a carbon monoxide filter decreases it. Ziskin, M., Kondratiev* V,, and SushkC' 
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Popov, B., Acta Physicochim. U.R.S S., 3, 223 (1935); Chem, Ahs,, 30, 2109 (1936). 
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Hie iaerctiry-»^itiased reaction between hydrogen and oxygen, in the i>re$ei|cc 
of carbon monoxide, was studied by Barak and Taylor.^^^ With equal concentra- 
tions of hydrogen and carbon monoxide, the former is oxidized five times as rapidly 
as the latter* When the hydrogen to carbon monoxide ratio was five to onei 20 
per cent of the carbon monoxide formed formaldehyde* Reaction between hydro- 
gen and carbon monoxide occurred at 18 per cent of the rate of that between 
hydrogen and oxygen in electrolytic gas. These results are consistent with an 
initial exclusive formation of hydrogen peroxide and a chain reaction with a 
mean chain-length of approximately six. In similar work, Farkas and Sachsse 
found hydrogen atoms to combine with carbon monoxide molecules in three-body 
collisions to yield HCO. If the back reaction takes place and 0.1 of the three- 
body collisions are e0ective in the formation of the radical, the ratio of formation 
to decomposition at room temperatures is 1/370. 

The phosgene-sensitized oxidation of carbon monoxide by the unfiltered radia- 
tions of the mercury arc has been investigated by Rollefson and Montgomery.^®^ 
They gave the rate expression for low oxygen pressures as 

d{CO.) 

— — = kVh[COCU] [CO] [O.] 

at 

At higher oxygen pressures, the rate becomes independent of the oxygen pressure. 
These authors suggested that the mechanism of this reaction is very similar to that 
of the chlorine-sensitized reaction.^®^ 

The latter is quite complicated, a thousand molecules of carbon dioxide per 
quantum being formed in mixtures of a half atmosphere each of chlorine, carbon 
monoxide and oxygen. In blue light at high pressures and in large vessels, the 
rate of production of carbon dioxide is proportional to the chlorine concentrations 
and to the square root of that of carbon monoxide. For small pressures and 
vessels with a large surface, it is proportional to the square root of the concentra- 
tions of carbon monoxide and chlorine. 

In the presence of nitric oxide, a small proportion of the carbon monoxide 
present is> on irradiation by ultraviolet rays, converted into carbon dioxide by 
interaction with oxygen liberated from the nitric oxide.^''^^'^ 

In tlxe decomposition of carbon monoxide in the silent electric discharge a 
brown solid not identical with polymerized carbon suboxide is formed. 


The Photochemxsiry of Phosgene 


Formation of Phosgene. The formation of phosgene from carbon mon- 
oxide and chlorine, reported by Davy in 1812, is somewhat analogous to the 
combination of hydrogen and chlorine in that the reaction has a very high quan- 


Barak, M., and Taylor, H. S, Trans, Faraday Soc., 28, 569 (1932); for e.trly observations see 
HercbeSnkd, H., Compt. rend., 149, 395 (1909), Sec also page 257. 
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turn yield, is tinder certain conditions inhibited by oxygen and is to a high degree 
subject to the influence of traces of impurities which give rise to induction 
periods.^®® 

Details of the kinetics of this reaction were reported by Bodensteim^®^ The 
results with various mixtures of carbon monoxide and chlorine were complicated 
and for a considerable time considered to be affected by traces of moisture present. 
It was established that oxygen retards the reaction until near completion of the 
latter, when its effect suddenly decreases. The oxygen is consumed by a chlorine- 
sensitized reaction in which carbon monoxide is oxidized to the dioxide. Carbon 
dioxide formation is proportional to the carbon monoxide pressure, increases 
with the chlorine pressure, but more slowly than in direct proportion, and decreases 
with increasing oxygen concentration, but not so rapidly as to be inversely pro- 
portional to the latter. At room temperature, the rate of formation of phosgene 
was found to be proportional to the chlorine concentration, to the square root of 
the absorbed energy and to the square root of the carbon monoxide concentration. 
The temperature coefficient near room temperature is unity or slightly less. 

Subsequent work by Bodenstein and Onoda^®® revealed that the order of 
reaction is different at temperatures between 200® and 300®C. The rate of for- 
mation of the phosgene is then directly proportional to the absorbed energy, and 
to the concentrations of the reactants (chlorine and carbon monoxide). At these 
temperatures, furthermore, the retarding effect of oxygen is no longer observable. 
At 300® C. no formation of carbon dioxide occurs in the presence of oxygen. 
Between 270® and 300® C., the velocity coefficient is considerably influenced by 
hydrolysis of phosgene by water vapor, but at the higher temperatures all the 
water vapor appears to be removed in the early stages of the reaction. A poison- 
ing effect of small quantities of carbon dioxide in the reaction at ordinary tem- 
peratures was demonstrated by Cathala.^®^ The effect is diminished when wave- 
lengths shorter than 3 500 A are employed in tlie irradiation. 

As in the case of the hydrogen-bromine reaction, a mechanism to account for 
the kinetics of the reaction was developed by Bodenstein^®® by extending the 
mechanism used to account for the thermal reaction. The result was a succession 
of processes which involved excited chlorine and carbon monoxide molecules, as 
well as the chlorine atoms and triatomic chlorine molecules which are assumed 
to play a part in the thermal process. Although the introduction of a few assump- 
tions regarding the rate constants of the partial reactions permitted a fairly satis- 
factory derivation of an expression similar to the experimental rate expression, 
the Bodenstein formulation has since been superseded by others which avoid the 
assumption of excited chlorine molecules as the products of the primary process. 

A primary photodissociation of chlorine molecules was made the first step in 
the formulation of Bodenstein, Lenher and Wagner which was based on an 
investigation of the reaction at low total pressures (below 40 rum.) and at ordi- 
nary temperatures. The partial reactions proposed were the following: 

Chapman. D, L., and Gee, F. H„ T. Chem, Soc., 99, 1726 (1911); Dyson. G., and Harden, A.. 
A Chem. Soc., 83, 201 (1903). For a gcncial review, see Kistiakowsky, G. B., Z. angew^ Chem,, 44, 
602 (1931). Early kinetic measurements were reported by Wildermann. M., Phil. Trans., 199A, 337 
(1902); Z. physik. Chem., 42, 257 (1903). 

Bodenstein, M., Rec, trav. Chitn., 41, 585 (J922). 

^Bodenstein, M.» and Onoda, T., Z, physik, Chem,, 131, 153 (1928). 

^^Cathala, J., /. chim. phys., 24, 663 (1927). 

Bodenstein. M., Sitsb. Preuss, Akad., 13, 104 (1926); Z, physik. Chem., 130, 422 (1927); Schu- 
macher. H, J., Z. physik. Chrm., 129, 241 (1927). 

Bodenstein, M., Lenher, S.. and Wagner. C., Z. physik. Chem., 3B, 459 (1929). 
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( 1 ) Ot + > 20 

(2) CO + a > COO 

(3) COO > CO + Cl 

(4) co + cu-fo — ^coa+ci 

(5) coo - 1 - Cl > CO -f Oa 

(6) coo -f Oa > CO, + CIO 

(7) CIO -h CO ^ CO, + CL 

The last two reactions were employed only to account for the inhibiting action of 
oxygen and the sensitized formation of carbon dioxide. In this scheme there is 
supposed to be an equilibrium between the hypothetical COCl molecule and its 
decomposition products. The phosgene is formed only by the triple collisions in 
(4) ; it is to be noted that (4) is a chain reaction and accounts for the high 
quantum yield. By making the formation of phosgene depend upon a reaction 
involving triple collisions, the slowness of reaction at low pressures could be 
accounted for. In addition to processes (2) and (5), which represent removal of 
chlorine atoms in the gas phase, both COCl and Cl diffuse to the walls of the 
vessel where recombination occurs. Processes involving water were not included 
since Schultze fotmd the previously much-discussed effect of traces of moisture 
to be non-existent By a treatment of these partial reactions in a manner analogous 
to that discussed in the section on hydrogen bromide, it can be showm that the 
rate constant is (as experimentally found) a function of the square root of the 
intensity of the light. 

Lenher and Rollefson,^^^ however, objected to the assumption of an equilibrium 
between COCl and CO and Cl on the ground that the hypothetical intermediate 
should be expected to react with chlorine as well as with oxygen. They assumed 
the phosgene to be formed by the process COCl + Cl 2 ~»C(>(i 2 + CL Furthermore, 
the formation of the intermediate was believed to occur through a triple collision : 
CO + Cl + M— >C0C1, in which chlorine molecules may function as the inert 
molecule with a relatively high efficiency. The rate of formation of phosgene 
was believed to be so fast compared to the rate of decomposition of COCl that 
the former may be considered the determining factor in fixing the concentration 
of the intermediate. 

To account for the change in reaction order at 300° C. observed by Schu- 
macher,^®'* Lenher and Rollefson consider that the decomposition of COCl into Cl 
and CO is very rapid at this temperature. The equilibrium concentration of this 
intermediate (COCl) is very small, under which condition the chain-breaking reac- 
tions (6) and (7) have very small rates. The low steady state of COCl makes it 
necessary to assume for the formation of the phosgene reaction (4) of the Bodenstein, 
Lenher and Wagner mechanism. At room temperatures, reaction (4) is sup- 
posed to be subordinate to the process: COCl + CI 2 — ^COCLj -f CL At high tem- 
peratures, chlorine atoms can only be removed by recombination at the wall or by 
collisions in the gas phase, rather than by combination with COCL Therefore, 
the concentration of chlorine atoms becomes sufficient to permit of the formation 
of phosgene by the Bodenstein reaction. Schumacher and Stieger showed 
that at temperatures above 250° C. and also at room temperatures when the total 
pressures were below one atmosphere or the vessels used had relatively large 

^“SchiilUc, G., Z. physik, Chem., SB, 368 (1929). 

Lenher, S., and Rollefson, G. K., /. Am. Chetn. Soc.. 52, 500 (1930). 

Schumacher, H. J., Z. physik. Chem.^ 129 , 241 (1927). 
ns) $chumacher, H. J., and Stieger, G., Z, physik. Chem.^ 13®, 157 (1931). 
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surfaces, a considerabie portion of the chlorine atoms recombine cm the walls of 
the vessel The new mechanism is adequate to describe the rate of formation of 
phosgene under these conditions. 

Schumacher,^®® as well as Wanning, however, defended the mechanism of 
Bodenstein, Lenher and Wagner. They believe the rate of formation of COCl 
by triple collisions to be reasonably fast at ordinary pressures and state that the 
heat of formation of this molecule is so low that the decomposition must proceed 
at a rapid rate. Rollcfson asserts that it is impossible for COCl to attain its 
equilibrium concentration since other reactions, for example, between CI 2 and COCl, 
occur too rapidly. The distinction is that in the Rollefson mechanism the COCl 
molecule may react either with chlorine or oxygen, the relative amounts of the 
two being determined by the specific rate constants and the relative pressures of 
the gases. On the other hand, in the Bodenstein mechanism it was postulated that 
only the oxygen could react with the COCl. The latter molecule was assumed to 
be in equilibrium with its dissociation products in the absence of oxygen, but not 
in its presence. The relative amounts of carbon dioxide and phosgene formed 
will depend upon the manner in which the COCl molecules divide between the two 
paths open to them. Increase of the pressure of oxygen at a definite pressure of 
chlorine should cause a decrease in the amount of phosgene formed and prelimi- 
nary experiments appeared to indicate this to be the case, Rollefson stated 
later that the specific rates for the two reactions destroying COCl are of the 
same order of magnitude. The phosgene formation has a higher temperature 
coefficient and therefore higher energy of activation than that leading to the 
formation of carbon dioxide. The relative amounts of the two reactions is a 
function solely of the ratio of chlorine to oxygen at constant temperature. 

In a more recent paper, however, Rollefson concludes that the active form 
of chlorine involved in the chain process is probably triatomic chlorine and believes 
the intermediate to be formed by 

CO -h Cl. > COCl 4- 

Recently, the reaction has been restudied by Bodenstein, Brenschede and 
Schumacher,^ using very pure gases over a wide concentration range. The 
mercury line 4358 A was u.sed for the reaction at 14-16'^C., pressure measurements 
being made with a quartz spiral manometer. Evidence was given to show that 
COCl rather than CI 3 is the intermediate at chlorine pressures between 340 and 
180 mm. Below this and clown to 15 ram., there was evidence for an additional 
chain-breaking mechanism H -f COClo— »HC1 4* COCl on the wall, and another 
method of phosgene formation. Also,^'^® they have investigated the induction and 
after-periocis by a rotating sector method, and found the resulting rate changes 
in agreement with those calculated from their mechanism. If the gases were not 
free from oxygen, the after-effects were five times as large. Oxygen inhibits the 

Schumacher, H J., J Am. Chem Soc , 52, 3132 (1930) 

Warming, E., Z phynk. Chem., 18B, 156 (1932), 

Rollefson, G. K., Trans. Faraday Soc, 27, 465 (1931). 

Rollefson, G. K.. /. Am, Chem. Soc., 55, 148 (1933). 

Rollefson, G. K , Am. Chem. Soc. 56, 579 (1934); see also Rollef.son. G K., and Eyring, H., 

7. Am. Chem. Sac., 54, 370 (1932); Rollefson, G. K., Z. phv^ik. Chem., 37B, 472 (1937). 

^^Cathala, J., 7 . chim. phys , 25, 182 (1928) had previously assumed the phosgene to be formed 

by the reaction ^ Cl. + CO -^‘COCIs 4- Cl 

Bodenstein, M., Brenschede, W., and Schumacher, H., Z. physik, Chem,, 28B, 81 (1935); 40B, 
121 (3938). 

Bodenstein, M., Brenschede W., and Schumacher, H. J, Z. physik. Chem., 3SB, 382 (1937); 
See also Taylor, H. S., 7. Phys.' Chem., 42, 789 (1938). 
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^tionary lormation of phosgene, but does not affect the equilibrium : COCl 
•fQ. This iudicatfss the possible presence of an oxygen-containing mterme i 
ec«npotmd with a longer life than either Cl or COCl. . 

The photochemical formation of phosgene from chloroform and 
sitieed by chlorine) has been found to occur by Schumacher and Wolft. ® 

fallowing mechanism is proposed: 

( 1 ) CU^hr >20 

(2) Cl 4- CHCIb > CCL + HCI 

(3) ecu + O* > CCUO. 

The last compound forms phosgene and also breaks the chains. The quantum 
yield at 65® and a chloroform pressure of 100 mm. is 260 moles per einstein. The 
chain-breaking process can be neither a three-body collision nor diffusion to the 
walls since the rate is independent of the pressure. It is proportional to the 
absorbed light and to the square root of the chloroform concentration. The tem- 
perature coefficient is 1.23. The reaction is not influenced by hydrogen chloride 
or phosgene. It is almost completely inhibited by alcohols or ammonia, these 
substances being chlorinated and then decomposing. Completely chlorinated sub- 
stances do not inhibit the reaction.^*^® 

Decomposition of Phosgene. Absorption data by Henri and Howell 
indicated a region of absorption bands of phosgene to begin at 3041 A. The bands 
become diffuse at 27S0A and extend to 2380A beyond which the absorption becomes 
continuous. When phosgene is heated to 100-200® C., an additional continuous 
spectrum overlays the bands. 

Weigert^'^'^ found irradiation of phosgene at S00®C. caused no displacement 
from the thermal equilibrium ratio of the gas and its decomposition products, and 
in this Bodenstein and Onoda concur. At the ordinary temperatures, phosgene, 
passed through a quartz tube at the rate of 1 cc. per minute, was decomposed to 
the extent of 3.3 to 4 per cent.^"^® In a Uviol tube permeable only to radiations 
of wave-length longer than 2650 A, the decomposition reached only 0.46-0.5 per 
cent. In ordinary glass tubes there was no decomposition. In each case the 
equilibrium could be approached from either side. 

Almasy and Wagner-Jauregg studied the decomposition of phosgene at 
300 mm. pressure at both 20® and 160®r. in a quartz vessel surrounded by a 
mercury arc lamp. For isolating the region of bands a filter of 5 per cent benzene 
in hexane was used. To eliminate the effect of absorption by the liberated 
chlorine, the quartz vessel was surrounded by a chlorine filter. The contents of 
the vessel after irradiation were analyzed by freezing out the chlorine and phos- 
gene and following the pressure change, or by titrating the chlorine and phosgene. 
Tbe absorption of radiations in the region of sharp bands produced a decompo- 
sition to the extent of 0.25 to 175 per cent depending on the intensity of the light 
and the pressure of the phosgene. The deconqiosition was not increascri at 160®C. 
It was assumed to be due to some process of predissociation and required no more 

Schumacljcr, H, J.. and Wolf?, K., Z phystk. Chem., 16B, 453 (1934). 

Schumacher, H. J., and Sundhoff, D., Z. physik, Chem, 34B, 300 (1936) 

Henri. V., and Howell, 0. R, Proc. Roy, Soc., 128, 192 (1930). 
iTlWeigert, R, Ann, Phystk, 24, 55 (1907). 

Bodenstein, M., and Onoda, T., Z, phystk. Chem., 131, 153 (1928). 
i^Coehn, A., and Becker, H., Bet., 43, 130 (1910) 

Js^Almaay^ F., and Wagner- Jauregg, T., Naturwiss,, 19, 270 (1931); Z. phystk, Chem., 19B, 405 
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han 100 kcal The use of the entire mercury arc spectrum increased the decom- 
josition to 2.19 to 8.6S per cent. Under these conditions the decomposition was 
learly doubled at 160°C. Rollefson and Montgomery, found that in the pres- 
mce of oxygen, the rate of formation of carbon dioxide Was directly proportional 
o the phosgene concentration and to the incident light intensity at either 20®, 90® 
)T 200® C. At higher oxygen pressures, the rate was independent of the oxygen 
:oncentration, but at lower pressures it gradually fell off with decreasing oxygen, 
he rate being a function of the chlorine-oxygen ratio rather than of the oxygen 
:oncentration itself. They derived the rate law 


d(COa) klo(COCh) 



rom the following series of reactions. 

(1) COCh + /tp > COG 4- a 

(2) COG + O* ^ CO, + GO 

(3) COG, + GO ;► CO, + Cl, + Cl 

(4) COG 4^ Cl, > COG, + Cl 

(5) G + M >1/2G, + M 

(6) Cl + Cl > G, 

From the derivation it is apparent that the value of k' in the rate equation expressed 
he relative reactivity of the COCl molecule with chlorine and with oxygen. The 
iverage quantum yield of the decomposition was found to be 1.8. For the phosgene- 
sensitized oxidation of carbon monoxide they found quantum yields of 90 to 110, 
ower than those of others cited in the discussion of that reaction.i®^ 

The exposure of mixtures of phosgene and hydrogen to ultraviolet radiation 
results in a much greater decomposition, up to 97 per cent, since liberated chlorine 
may combine with the hydrogen to form hydrogen chloride. B redig and von Gold- 
merger failed in attempts to obtain formaldehyde according to the reaction : 
Z^OCl 2 4- 2 H 2 — > CH 2 O + 2HC1. At 10®C., minute traces were obtained, but there 
vas none at all at 80® C. The walls of the reaction vessel were observed to be 
:oated with a white to brown deposit. 

Montgomery and Rollefson found the initial rate of the decomposition in 
.he presence of hydrogen to be rather insensitive to a tenfold variation in the 
pressure of the latter gas, although the initial rate showed a slight increase as 
the hydrogen pressure was increased. With increase in the phosgene pressure, 
the rate had an upward trend but appeared to approach a limiting value at high 
phosgene pressures. By plotting the initial rates against the calculated percentage 
jf absorption of the 2S37A line (the most intense line beyond the predissociation 
limit) a straight line was obtained, indicating the rate to be a function of the first 
power of the absorbed light, as well as of the incident intensity. There was, how- 
sver, a deviation from a simple first order law, since the rate of change of the 
logarithm of the phosgene concentration did not remain constant with time. In 
seeking the cause of this deviation, it was found that the rate is inversely propor- 
tional to, or at least involves a term which is inversely proportional to, the total 

Rollefson, G. K., and Montgomery, C. W., /. Am. Chetn. Soc , 55, 142 (1933). 

Montgomery, C W., and Rollefson, G. K., J. Am, Chem. Soc., 55, 4025 (1933). 
i»Bredig, G-, and v. Goldbcrger, A., Z. physik. Chem., 110, 521 (1924). 

^ Montgomery, C. W., and Rollefson, G. K,, /. Am, Ckem. Soc,, 55, 4030 (1933). 
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pressure as varied by the additian of carbon dioxide or nitrogen. This effect was 
more pronounced when carbon monoxide was the added gaS; in which case there 
was some evidence that the carbon monoxide concentration enters the rate law 
explicitly. It appeared likely that the deviation from first cider may depend upon 
the ratio of added hydrogen to added carbon monoxide when both are added. 

From the reaction mechanism 


(1) COa* 4* hv > COCl + Cl 

(2) Cl + H, ^ HCl -f H 

(3) H 4- COG, > CO 4- Cl 4 HCl 

(4) CO + M 4- Cl > COCl 4- M 

(5) 2COC1 ^ COCb 4- CO 


it was possible to derive the rate equation 


d(CO) 

dt 


/o(COCb) 



/t.(lh) “] 

X(CO)(mTJ 


which seemed in agreement with the experimental facts. The second term makes 
its largest contribution to the rate at the start of the reaction, and the first two 
or three values of the divergence from a first order reaction are always larger 
than succeeding values. It also appeared that tlic quantum yield was 3.7 at two 
minutes, decreasing to 2.4 at eight minutes. The concentration of M (any mole- 
cule capable of taking up the excess energy of COCl and so stabilizing it) was 
assumed equal to the total pressure. This would be the case if all kinds of mole- 
cules present are equally capable of acting in this way, even though carbon 
monoxide may have a more pronounced effect than nitrogen. The absence of 
formaldehyde formation was attributed to the non-rcactivily of COCl toward 
hydrogen. This non-reactivity is believed to cause an increase in the concentra- 
tion of COCl so tliat reaction (5) becomes the chain-terminating process. 

Kassel^®® found an error in the derivation of the rate law in that the rate of 
production of CO in (5) was erroneously taken as equal to the rate of consump- 
tion of COCl in this step. If this is corrected, the 1 within the bracket of the 
final rate equation drops out and agreement with experiment is lost Kassel sug- 
gested the mechanism : 


(3a) H 4 COCh > HCl -4 COCl 

(Sa) 2COC1 > 2CO 4- Cla 

(7) COCl 4- Cla ^ COCIa 4 Cl 

(8) COCl -f Ha ^ CO 4- HCl 4- H. 


This leads to tlie rate equation 


d(CO) 

dt 


2/Ab,^a( Ha) 

^^(Ha) +k,iCO)(U) ^ 


Ab«/^'i}a ( Ha) 


Some work has been done on the photochemistry of bromophosgene. Trautz 
had stated that the bromo compound could be formed photochemically. How- 
ever, Schumacher and Bergmann,!®^ who irradiated mixtures of carbon monoxide 
and bromine with different portions of the spectrum, concluded that at tempera- 

Kassel, L. S., /. Am Chem. Soc., 56, 243 (1934> 

»«Trat»U, M., 2, Elektrochem., 21, 329 (1915). 

Schttwiacber, H. J., and Betgitiann, P., Z. physik. Chem., 13B, 269 (1931). 
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iires less than lOO^C.^ neither excited bromine molecnles nor bromine atoms react 
dth carbon monoxide to form bromophosgene. Furthermore, when mixtures of 
>romophosgene and bromine were irradiated with light in the absorption band 
egion of bromine, no pressure change was noted. When irradiated in its own' 
ibsorption region (3200-2100A) bromophosgene is, however, decomposed with a 
quantum yield of unity. The reaction is of zero order and non-absorbing foreign 
^ases do not affect the rate. The temperature coefficient is one for 10® between 
0® and 40®C. 

No reaction between carbon monoxide and fluorine could be detected when a 
nixture of these gases was irradiated in a quartz tube by ultraviolet rays.^^® 

The Photochemistry of Nitrogen Compounds 

The absorption by nitrogen has been studied by Birge and Hopfield^®® and 
y Sponer.^®^ The spectrum consists of a system of bands beginning at 1450 A 
nd extending to 1227 A, Excited molecules are fomjed. No photochemical reac- 
ons which can be attributed to this absorption are known as yet. 

Ammonia. The ultraviolet absorption of this gas is limited to the region 
f wave-lengths shorter than about 2200 \ or 2400A. Between this limit and 1860A 
> a region of absorption with a maximum at 1910-1 935A.i^^ This region corn- 
rises a series of diffuse predissociation bands, the investigation of which by 
lonhoeffer and Farkas gave the first indication that predissociation in generjd 
nplies a spontaneous decomposition. These workers were unable to observe 
uorescence of light absorbed in this region, showing that the molecules excited 
y absorption did not persist long enough to emit energy spontaneously. By the 
se of the para-hydrogen method, Geib and Harteck^®® subsequently proved the 
resence of atomic hydrogen in ammonia which has absorbed radiations within 
lis region. The primary process appears to be a dissociation into NH 2 and H; 
jcombination is rapid, and the concentration of hydrogen atoms is very small, 
urther spectroscopic evidence for this interpretation was found in the measure- 
ents and analysis by Dixon of 16 strong bands between 1900 and 2400 A. 
uncan has shown that the diffuse predissociation bands continue to 1665 A, 
ter which they become sharp and show rotational fine structure. True con- 
tiuous absorption does not appear until about 1200 A. At 11 50 A and below, the 
mtinuous absorption becomes so strong that the superposed sharp bands can no 
nger be measured accurately; the latter continue, however, at least down to 
385A. Electron impact studies of ammonia at electron accelerations correspond- 
g to wave-lengths within this very short wave-length region have been reported 
r Waldie,^®’*' Bartlett,^®® and McLennan and Greenwood^®® but are of little 

^Humiston, B., J. Phys. Chem., 23, 572 (1919); Chem. Ahs.. 14, 534 (1920), 

i*»BirRe, R. T., and Hoplield J. J,, Astrophys. J., 68, 25 7 (1928); Hopfidd, J. J., Phys, Rev,, 36, 

9 (1930). 

iwSponcr, H., Proc, Not. Acad, ScL, 13, 100 (1927); Z, Physik, 41, 611 (1927). 

Landsberg, G., and Predwoditcleff, A., Z. Physik, 31, 544 (1925). 

^Bonhoeffer, K. F., and Farkas, L., physik. Chem., 134, 337 (1928). 

Geib, K. H., and Harteck, P., Z. physik. Chem. Bodenstein Band, 861 (1931). 
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aber, F., and Harteck, P., Naturwiss., 12, 267 (1930); Taylor, H, S., and EmeUus, H. J., J. Am. 
im. Soc., 53, 562 (1931). 
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lti|$ni^caiiC9 for tfeA photoch«mistry of ammonia. Experiments on the ecorop - 
of asnmoota in discharg’c tubes have also been indicative of 
of alotnie hydrogen and of some compound of hydrogen and nitrogen, NH2 or 

Chontcal evidence for the decomposition of ammonia by ultraviolet li^t 
first advanced by Regener 201 and by Berthelot and Gaudechon.202 Coehn ana 
RrigeiWk 2 <^® were unable to demonstrate a stationary state. Instead the 
position appeared to go to completion within six hours. The ammonia was 
in quartz tubes and irradiated with a quartz mercury arc. No ammonia could be 
demonstrated in a mixture of nitrogen and hydrogen, with or without chlorine as 
sensitizer, after irradiation with a quartz mercury arc. Noyes has found 
ammonia to be formed in small amounts when a mixture of nitrogen, hydrogen 
and mercury vapor is exposed at the boiling point of mercury to light from a 
quartz mercury arc. Only traces of hydrazine could be detected. The reaction 
has been attributed to the dissociation of hydrogen by the excited mercury atom.^^*'^ 

The quantum yield of the decomposition of ammonia at room temperature by 
wave-lengths 2025 to 2041 A was found by Warburg 206 to be 0.23-0.25. The rate 
of the decomposition was not affected by the addition of the decomposition products, 
even when so much of these were added as to make the ammonia but 5 per cent 
of the gas mixture. Kuhn®®"^ found the rate proportional to the incident light 
intensity, and verified the observation that the quantum yield was independent of 
the ammonia pressure. The value of the yield was, however, 0.45, nearly twice 
that of Warburg. The yield could, however, be decreased to 0.10 by using light 
of only two spectral lines, 2063 and 2100A. At high temperatures (500®C.) the 
speed of decomposition was nine times as great as at 20° C. The quantum yield 
increased by about 50 per cent for every 100° increase in temperature, reaching 
3.3 at 500°. At this temperature the rate of decomposition could be retarded by 
the addition of hydrogen, although nitrogen had effect. 

In a repetition of these experiments, Wiig and Kistiakowsky ^<>8 verified the 
Warburg values for the quantum yield at room temperature, 0 23, zinc spark, mean 
wuve-length, 2090A, 0.24, aluminum spark, mean wave-length, 1962A, 0.25, cad- 
mium spark, mean wave-length, 21 44 A. At 500° C. the quantum yield increased 
only to 0.48. They were inclined to attribute Kulin’s high value at 500° C. and 
his observation of a decrease in quantuni yield when the monochromatic nature 
of the light was increased, to experimental error. They found further that the 
quantum yield is indej)endent of the ammonia pressure over the range 1 to 800 
mm. Also the quantum yield was not affected by seven fold variations in the 
intensity of the radiation or of seventeen-fold variations in the extent to which 
decomposition had occurred when the data were taken for the computations. 

The use of radiations transmitted by fluorite but not by quartz increases the 
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quantum yield to 0.69, so that the yield appears to be higher in the region 1900- 
1600A,®®® The xenon lamp, however, gives a quantum yield of but 0,17,^^^ 

Print to the work of Bonhoeffer and Farkas on the nature of the predissociation 
process, evidence was advanced by both Dickinson and Mitchell and Taylor 
and Bates that was difficult to reconcile with the simple excited molecule 
mechanisms. These workers showed that the decomposition mixture contained 
more hydrogen (87-96 per cent) than would correspond to the stoichiometrical 
relation. This could be interpreted only as indicative of the formation of some 
hydrazine. Bates and Taylor suggested that excited ammonia molecules might 
either react with normal molecules to produce hydrazine and ammonia or that 
they might spontaneously yield atomic hydrogen and NH 2 radicals, the latter 
then forming hydrazine and atomic hydrogen by reaction with ammonia, or 
reforming ammonia and atomic hydrogen by reacting with hydrogen molecules. 

At present, the NH 2 molecules, which are responsible for the formation of 
hydrazine, are regarded as arising from the predissociation of ammonia. Not 
much hydrazine is formed when ammonia is irradiated at room temperatures. 
Wiig and Kistiakowsky even found the composition of the resulting gases to be 
the same as that formed in the thermal decomposition, that is, close to a 1 :3 
nitrogen : hydrogen ratio. Koenig and Brings studied the formation of hydra- 
zinc at temperatures of -~80°C. in the glow discharge, but found that the yield, 
referred to the electrical energy consumed, was smaller than that with flowing 
gas at room temperature. Irradiation by the zinc spark caused not only formation 
but also decomposition of hydrazine, so that only traces could be obtained. They 
believed hydrazine to be formed in larger amount by the reaction NHs + NH 
-»N 2 H 4 than by direct combination of two NH 2 radicals. Gedye and Rideal®^^ 
claimed the yield could be increased by employing low temperatures, a high rate of 
gas flow and rapid cooling of the gaseous decomposition products. Under the best 
conditions and using the entire mercury arc spectrum, the yield of hydrazine was 
said to amount to 50 per cent of the ammonia decomposed. 

Wiig and Kistiakowsky discounted the dissociation of ammonia into NH and H 2 , 
since such dissociation did not lead to a mechanism in agreement with the experi- 
mental results.2^® Nor did they believe their failure to observe hydrazine in the 
ammonia decomposition could be ascribed to its simultaneous photochemical decom- 
position.^^®® They considered the likelihood of occurrence of each of the following 
secondary reactions. 


(1) 

H + H 

+ M ^ Hs H- M 

(2) 

NHs + 

H + M 

^ NH, H- M 

(3) 

NH,-h 

H, 

NH, + H 

(4) 

NHs + 

H 5 

► NHs + H. 

(5) 

NHs-f- 

NHs-h 

M > NsH, + : 

(6) 

NH.+ 

NH, > Ns + 2Hs 

(7) 

N.H4 4- 

H 

^ N.H. + H. 

(8) 

NsHs-f 

N,H,- 

— * 2NH. + N. 


»» Kassel, L. S. and Noyes, W. A., Jr., /. Am, Chem. Soc., 49, 2495 (1927). 
ai«Grotli, W.. Z, physik. Chem., 37B, 307 (1937). 

Dickinson, R. G., and Mitchell, A. G., /Voc. Nat. Acad. Sd., 12, 692 (1926); /. Am. Chem. Sac. 
49, 1478 (1927). 

Taylor, H. S., and Bates, J, R., Proc. Nat. Acad. Set., 12, 714 (1926). 

Koenig, A., and Brings, T,, Z. physik. Chem., Badenstein-Band, 541 (1931) 

Gedye. G. R.. and Rideal, E. K., /. Chem. Sac., 1160 (1932). 

*“Wiig, E. O., and Kistiakowsky, G, B., /. Am. Chem. See., 54, 1817 (1932). 

See in this connection, the discussion of the photochemical decomposition of hydrazine. 
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coHtsions are probably not necessary in reactions (2) and (5).^^* At room 
{3) tiiay be neglected as it implies a retardation of the rate of decom* 
position by hydrogen, an effect observable only at high temperatures. According 
to Bodhxn and BonhOeffer,^^^ (4) occurs extremely slowly. It may be that the 
increase in the quantum yield at high temperatures can be accounted for by this 
reactioni and that (3) also becomes effective under these conditions. Reactions ( / ) 
and (8) were set up to explain the absence of more than traces of hydrazine. The 
reaction at ordinary temperatures involves, according to Wiig and Kistiakowsky, 
reactions (1), (2), (5) and (7). The quantum yield on these assumptions would be 

determined by the ratio this fraction being required to have a value of eight 

in order to account for a quantum yield of 0.25. 

By using deuterium as an indicator, Taylor and Jungers-^* concluded that 
reaction (2) occurs to such an extent as to make it one of the reasons for the low 
quantum yield,^^® By irradiating mixtures of ammonia and deuterium, an equi- 
librium mixture of NHD2 and NHgD were obtained. 

Studies of the concentrations of atomic hydrogen produced by the irradia- 
tion of ammonia showed that the yields were independent of the total pressure 
when the latter was varied from 250 to 760 mm. The atomic hydrogen was pro- 
portional to the 0.69 power of the absorbed light intensity, and passed through a 
maximum with increasing ammonia pressure. The effect of changing the tempera- 
ture indicated that the reactions which destroy hydrogen atoms must have but 
an insignificant heat of activation. To account for their observations, they sug- 
gested that hydrogen atoms react with ammonia to forn) Nil^ molecules, decompo- 
sition of the latter at temperatures above 300° C. shifting the equilibrium to the 
left. At small ammonia pressures, the establishment of equilibrium was prevented 
by the diffusion of hydrogen atoms to the wall. Two reactions were accordingly 
suggested to account for the low quantum yield in the ammonia decomposition, 
NH4 + NHa— >»2NH3 and NH4 + NH.2 — + NH + H2, the first being three 
hundred times as probable as the second. The rise of the quantum yield observed 
to occur at temperatures over 400° C. may be due to the above equilibrium moving 
so far to the left that not sufficient NH4 remains to produce ammonia by either of 
these reactions. 

Recently, the range of ammonia pressures over A\hich the quantum yield is 
independent of the ammonia pressure has been extended to coAcr pressures of 1.2 
to 8.5 atmosphercs.'-^^^ The yield is also independent of wave-length. The value 
found (0.14) was, however, lower than that of other investigators. A rather 
rapid increase of quantum yield with temperature was found, the values being 
0.34 at 250° C and 0.54 at 400° C., a result intermediate between those of Kuhn 
and of Wiig and Kistiakowsky. The method suggested for the disappearance of 

»*Mund, W., and van Tiggclen, A., Bull. Soc. Chim. Belg , 46, 104, 227 (1937), Ann Soc. Set. 
Bruxelles, Set. I, 57^ 92 (1937); Chem Abs., 31, 5685. 6560, 6971 (1937) These authors devise a 
mechanism which avoids reaction (2), See also Mund, W , Brenard, G., and Kaertkemeyer, L., Bull, 
Soc. Chim. Belg., 46, 211 (1937). For a further discussion of these relatively inaccessible papers, 

see Taylor, H. S., J. Phys. Chem., 42, 783 (1938). 

aiT ^Q^hm, K., and Bonhoetfer, K. F., 2r. physih, Chem,, 119, 385 (1926); Tayloi, H. S., and lungers. 
J. C., /. Chem. Physics, 2, 452 (1934). 

*1* Taylor, H. S., and jungers, J. C., J. Chem. Physics, 2, 452 (1934). 

A simflar conclusion was reached by Mdvillc, H. W., from work on the mercury sensitized reac- 
tion f Trans. Faraday Soc., 28, 885 (1932)1. 

Farkas, L., and Harteck, P., 2r. physik. Chem., 25B, 257 (1934). 

Ogg, B. A., Jr., Leighton, P. A, and Bergstrom, F. W., J, Am Chim Soc., 56, 318 (19 34). 
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hydrazine assumed the reactions H + N2H4 NH^ + NH2 and 2NH2 + N2H4 
--^2NH8 4- N2 + H2. Th^ former was regarded as the more probable.^®® The 
decomposition of hydrazine was regarded as a photochemical process sensitized by 
ammonia. 

Wiig finds that as the ammonia pressure is increased from zero the quantum 
yield at 2100A rises from about 0.1 to a maximum of about 0.3 at 65 to 120 mm. 
pressure and then gradually falls off to about 0.18 at 840 mm. The average value 
is about that of Warburg, 0.25. The results agree with those of Ogg, Leighton 
and Bergstrom. It was also observed 224 that the values depend to some extent 
upon the size of the reaction cell, decreasing in a cell of larger diameter. The 
reaction appears to become heterogeneous at ammonia pressures less than about 
300 mm. and may be partly heterogeneous at higher pressures. Welge and Beck- 
man detected tlie formation of hydrazine during the early stages of the reaction. 
The non-condensible portions of the gases had higher proportions of hydrogen than 
75 per cent. At this early stage of decomposition, effected by the 1990A line, the 
quantum yields averaged 0.87 and appeared to approach unity as a limit. The 
high quantum yields made it seem that recombination of the primarily formed 
NHo and H is not as important as had formerly appeared to be the case. A small 
amount of hydrazine may, however, be decomposed by hydrogen atoms with the 
formation of ammonia and nitrogen. The effect of the latter reaction becomes 
more exaggerated as the reaction proceeds. 

During the early period of the investigation of the reaction of ammonia on 
irradiation considerable light was thrown upon it by studies on the mercury- 
sensitized reaction.22« It was, for example, in the case of the mercury-sensitized 
reaction that Taylor and Bates observed the reaction products to contain 89 
per cent of hydrogen and 1 1 per cent of nitrogen, a circumstance which led to the 
development of mechanisms permitting the formation of hydrazine. Dickinson 
and Mitchell,^"® who obtained 70 mole per cent of hydrogen, found the presence 
of argon and nitrogen at 0.3 mrn. pressure had little effect on the reaction rate. 
On the other hand, hydrogen at 0.3 mm. and lower pressures had a large inhibiting 
effect, which increased with increasing ammonia pressures. Melville observed 
that in the presence of mercury vapor and hydrogen, the decomposition was less 
rapid when the ammonia was irradiated simultaneously by a mercury arc and a 
zinc spark than when irradiated by the zinc spark alone. The mercury resonance 
line dissociates the hydrogen. The resulting hydrogen atoms were believed to 
recombine with the NH2 groups (formed by the predissociation of the ammonia 
by the zinc lines) more rapidly owing to the higher partial pressure of hydrogen 
atoms under these conditions. Gedye and Rideal found but little hydrazine 
produced in the mercury-sensitized reaction. The following mechanism is pro- 
posed by Welge and Beckman.^^^ 

s®«See Dtxon, J. K., /. Am. Chem. Soc,, 54, 4262 (1932), and Wenner, R. R., and Beckman, A. O., 
Ihid., 54, 2787 (1932). 

E. O., /. Am. Chem. Soc., 57, 1SS9 (1935). 

E. O., /. Am. Chem. Soc., 59, 827 (1937). 

Welge, H. J., and Beckman, A. O., /. Am. Chem. Soc., 58, 2462 (1936). 

Dickinson, R. G., and Mitchell, A. G., Proc. Nat, Acad. Sci., 12, 692 (1926). 
aw Taylor, H. S, and Bates, J. R., Proc. Nat. Acad. Sci., 12, 714 (1926). 
a» Dickinson, R. G , and Mitchell, A. C, G., J. Am. Chem, Soc., 49, 1478 (1927), 
a» Melville, H. W., Trans. Faraday Soc., 28, 885 (1932). 
awCkdye, G R., and Rideal, E. K., /. Chem. Soc., 1160 (1932). 
a»iWdge. H. J.. and Beckman, A. O., /. Am. Chem. Soc., 58, 2462 (1936). 
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Hg + h, >■ Kg' 

Kg' + NH. > NH.' + Hg 

NH,' * NH. + hy, 

NH.' > NH. + H 

'The low quantum yield of 0.12 was attributed to the occurrence of the fluorescence 
reaction. 

Rate expressions were derived for this and the corresponding deuteroammoma 
(NDa) reaction by Evans and Taylor.^®® Melville suggests that the decom- 
positions are brought about in collisions between ammonia or NDg and metastable 
atoms. The metastable atoms are produced from quenching collisions between 

atoms and ammonia or ND 3 , the latter two being equally efficient. To account 
for the observed greater reactivity of ammonia, secondary reactions, unconnected 
with the mercury atom processes, were assumed. The quantum yield for the photo- 
sensitized reaction is about the same as that of the direct decomposition, so that the 
secondary reactions are the same.*-*®^ 

Berthelot and Gaudechon exposed mixtures of ammonia and oxygen to 
the total radiation of the mercury arc and found nitrogen, hydrogen and water, 
but no nitrates or nitrites, as products of the reaction. The reaction produced 
by the 2080A line of the zinc spark was more complex, according to Bacon and 
Duncan, since ammonium nitrate and smaller amounts of ammonium nitrite 
could be obtained. The process NH 2 + 02 -->N 0 -h H^O was assumed and the 
overall reaction could be written : SNII^ + 7 O 2 2 N 2 + 2 NH 4 NO 3 + 8 H 2 O. 

The photochemical reaction of ammonia with carbon monoxide yields forma- 
mide as a primary product. The amide then undergoes secondary reactions.^^^ 
Less than 5 per cent of tlie reacting ammonia yields hydrogen and nitrogen. The 
rate of ammonia decomposition approximately doubles in the presence of carbon 
monoxide. Methylamine and ethylamine also react with carbon monoxide, a much 
larger amount of gaseous decomposition products being formed than in the 
reaction of ammonia. 

The Photochemical Decomposition of Hydrazine. Faint diffuse absorp- 
tion bands (apparently predissociation bands) begin at about 2400 A in 80 cm. 
layers of hydrazine vapor at O.S mm. pressure. Continuotis absorption begins 
at about 2370A (at 2260 A in 20 cm. layers). Hilgendorff 230 gives the heat of 
dissociation as 122.4 kcal. per mole. 

Elgin and Taylor found that radiations shorter than 2400A decompose hydra- 
zine by the reaction: 2 N. 2 H 4 —» 2 NH 3 -f N 2 4' Hg, the ammonia subsequently decom- 
posing at a rate about one-tenth that of the hydrazine decomposition rate. The 
hydrazine decomposition rate is independent of temperature, and of the addition 
of nitrogen, hydrogen or ammonia. The reaction can also be sensitized to the 
2537A mercury line by the addition of mercury vapor ; in this case the rate of the 
hydrazine decomposition so greatly exceeds that of the ammonia (40 times) that 

Evans, M. G., and Taylor, H. S , 7. Chem Physics, 2, 732 (1934). 

•WMdville, H. W., Proc. Roy. Soc., 152A, 325 (1935). 

Farkas, L., and Melville, H. W., Pror Roy. Soc, 1S7A, 621, 625 (1936): for the direct unsensi- 
tixed decomposition of deuteroammonia, see Wiig, E. O., J. Am. Chem Soc., 59, 955 (1937). 

Berthelot, D., and Gaudechon, H., Compt. rend., 150, 1327 (1910); see also Bakestraw, N. W., 
and Hollaender, A., Science, 84 , 442 (19 36), 

Bacon, H. E., and Duncan, A. B. F., 7. Am. Chem. Soc., 336 (1934). 

Emel^us, H. J., Trans. Faraday Soc., 28, 89 (1932). 

Elgin, J. C., and Taylor, H. S., 7. Am. Chem Soc., 51 , 2059 (1929); see also Tmanishi, M., 
Nature, 127, 782 (1931). 

Hilgendotff, H. J., Z. Physik, 95, 781 (1935). 
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a tiearly complete separation of the two reactions is possible. Indeed, it is the most 
rapid reaction obtained by means of excited mercury. The rate of the sensitized 
reaction is 110-120 times the rate of the direct photochemical decomposition. It 
is a chain reaction, the quantum yield being about 13. s' The rate of the sensitized 
reaction also is unaffected by nitrogen, ammonia or hydrogen added separately, 
although apparently the addition of both hydrogen and ammonia retards the 
reaction rate. The lack of retardation by hydrogen alone is explained by the 
assumption that hydrogen atoms react with hydrazine. The rate of the sensitized 
reaction is directly proportional to the incident light intensity. 

The observed facts regarding the direct photochemical reaction could be 
explained by the assumption of a primary process leading either to a dissociation 
into and H or into two NH 2 radicals. 

The quantum yields produced by monochromatic light of 1990A, were found 
by Wenner and Beckman®^® to range from 1.0 at a pressure of 2 mm. to 17 at 
14 mm. The composition of the gases produced in the initial stages of the reaction 
was not in agreement with those reported by Elgin and Taylor. More hydrogen 
formed at the low hydrazine pressures than at the higher ones. The mechanism 
must differ from that of the mercury-sensitized reaction, because of the excess of 
hydrogen formed and because of the much lower quantum yield. Their suggested 
mechanism involved the reactions 

N 8 H 4 + hp > + H 

H + NaH* Nja* + H, 

2 NaH« > 2NHa + Na 

2NiH« > Na + Hs -f NaH* (wall reaction). 

The Decomposition of Hydrogen Azide. The ultraviolet irradiation of 
aqueous solutions of hydrogen azide yields mainly hydroxylamine and nitrogen 
with small amounts of ammonia and traces of hydrazine.^^^ Gaseous hydrogen 
azide, on brief illumination with the 1990 A line, gives a gas, non-cpndensable at 
liquid air temperatures ; on longer illumination, a white solid, presumably 
ammonium azide, NH 4 N 3 , is formed.^^^ Light absorption by gaseous hydrogen 
azide sets in at 2200A. The decomposition proceeds by two concurrent reactions, 
one yielding hydrogen and nitrogen, and the other ammonia and nitrogen. 

2HN. ^ Ha -I 3Na and 3HN» > NHa + 4Na 

Over a pressure range of two to 130 mm., three molecules arc decomposed per 
absorbed quantum, when calculated to the formation of ammonia. When sen- 
sitized by mercury vapor, there are also two concurrent reactions during the 
early part of the run, although their relative extents differ from those observed in 
the unsensitized reaction. 

During the early period of the photosensitized reaction, the ammonia formed 
reacts with excess hydrogen azide to form solid ammonium azide. When the 
pressure has reached a value 1.18 times its initial value, excess hydrogen azide 
has all been consumed. After this, ammonia formed by the decomposition of 
ammonium azide remains as a gas and results in a sudden increase in the rate of 
change of total pressure. As the decomposition nears completion, a new reaction 

Wenner, R. R., and Beckman, A. O., 7. ytm. Chem. Soc.^ 54, 2787 (1932). 

Glen, K., Bet., (SI, 702 (1928). 

Beckman, A. O., and Dickinson, R. (5., 7. Am. Chem. Soc., 50, 1870 (1928); 52, 124 (1930); 
Myers, A. E,, and Beckman, A. O,, Ibid., 57, 89 (1935). 
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H 3 j + HN8--»^NHj^4*N2 becomes increasingly important When the pressure 
becomes constant no hydrogen remains, and the end products are given by 
3HN2->NH2*f4N2. 

The quantum yield of the photosensitized reaction in its initial stage is 3.6; 
at pressures below 2 mm, the yield decreases rapidly. The value is in agreement 
with a calculated value of 3.4 molecules of HNg decomposed by either reaction per 
quantum absorbed, calcxilated to the formation of ammonium azide. The follow- 
ing possible partial reactions may be written: 

(1) Hg + /u» 

(2) Hg* + HNa > Hg + N« 4- HN 

(3) HN + HNe > H. 4- 2N, 

(4) HN 4- HN« > N, 4“ N«H, 

(5) NaH. 4- HNa > 2Na 4- NH. 

(6) NHbHNb > NH 4 N. (solid). 

18 per cent of the molecules react by (2) and (3) and 82 per cent by (2), (4), 
(5) and (6). 

Reactions Involving the Oxides of Nitrogen. A direct combination of 
nitrogen and oxygen under the influence of rays from a quartz mercury arc occurs 
to a very slight extent.^^** Kondraf ev ^^4 states that the amount of combination 
can be doubled by the addition of 5 per cent of hydrogen or of 28 per cent of 
carbon monoxide. The addition of both gases increases the yield ten times. It is 
assumed that excited oxygen molecules are involved in the combination process. 

Nitrous Oxide. In the absorption spectrum of this gas there have been observed 
bands of nitric oxide. The presence of the latter is probably due to a photochemical 
decomposition occurring during the measurements.^^ ^ Sen-Gupta found that 
nitrous oxide absorbs light at 1850A, transmits better at about 1 700 A and absorbs 
again at 1580A. It was suggested that these absorptions represent dissociations 
into NO and nitrogen atoms in different metastable states. That produced by 
1850A was said to be and that at 1580A In each region the absorption 
is continuous, Absorption begins at longer wave-lengths as the temperature 
is increased (2246A at 20*^0. and 2604 at 675°C;. By plotting the wave-length 
of beginning absorption against temperature and extrapolating to 0°, (2140A) it 
was deduced that the minimum energy required for the dissociation into NO and 
N is 132 kcal. From studies on mixtures of nitrogen peroxide with nitrous oxide, 
Henriques, Duncan and Noyes concluded that in the direct decomposition of 
the latter, a second primary process N 2 O 4* » N 2 P O is also necessary to explain 

the observed quantum yields. 

Macdonald irradiated nitrous oxide at various pressures with radiations 

Berthelot, D., and Gaudechon, H., Compt. rend., 150, 1517 (1910). They found also that nitrous 
and nitric oxides are each decomposed into their elements, some of each gas reacting with liberated 
oxygen to form higher oxides. 

>«KondraCcv, V., Acta Fhyskochim, U.R.S.S., 3, 247 (1935); Chem. Abs,, 30, 6649 (1936). 
a«I>TObrey, M., Compt. rend., 186, 1112 (1928). 

Sen-Gupta, P. K., Proc. Roy. Soc., 146A, 824 (1934); Bull. Acad, Sci. Untied Provmccs Agra 
Ondh, India, 3, 197 (1934); Chem. Abs., 29, 7806 (1935). 
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(186G-1990A) from a condensed aluminum spark. The decomposition proceeded 
in accordance with the equation : 

4NaO > 2NO -f 0. 4- 3N«. » 

Tlie quantum efficiency was 3.9 and was fairly independent of the pressure (21 to 
607 mm.) and temperature (0° to 40°). 

Excited mercury atoms can bring about the decomposition.^*^ In this case, 
nitrogen is liberated and the oxygen combines with the mercury, nitric oxide not 
being produced. The reaction velocity is proportional to the intensity of the 2537 A 
line employed to excite the mercury. 

A mercury-sensitized chain reaction between nitrous oxide and hydrogen has 
been studied by Melville,^^*^ Oxygen participates in both the making and break- 
ing of the chains, the length of chains being approximately the same for the 
photochemical and the thermal reactions. 

Nitric Oxide. Leif son found an intense banded absorption to begin at 

2264 A. There are at least four groups of bands, which are interpreted as arising 
from combinations of four electronic levels with the ground state of the mole- 
cules.®®^ No regions of continuous absorption are apparent. 

Macdonald ^54 found the decomposition produced by irradiating the gas with 
radiations of wave-lengths 1860- 1990 A to follow two courses. Ninety per cent of 
the decomposition yielded nitrogen and oxygen and 10 per cent followed the 
equation 3NO — > NoO + NO 2 . The quantum efficiency in this case is given as 
0.73. The data were interpreted in terms of a theory of excited molecules serving 
as intermediaries, since the spectral data did not indicate the nature of the bands 
to be suggestive of predissociation. 

On the other hand, Flory and Johnston have interpreted the primary process 
as one of preclissociation, at least when the pressure was low (0.02 to 7 mm.). 
The final products of the reaction were found to be nitrogen and oxygen, the 
latter being partly destroyed by a reaction occurring when the gas was com- 
pressed in a McLeod gauge. In this process, a solid product presumably mer- 
curous nitrate, was formed. It was shown that mercury vapor in the apparatus 
from the gauge did not essentially affect the results and that the reaction was at 
least 98 per cent non-sensitized since the use of a mercury vapor filter failed to 
reduce the rate of decomposition. The use of a Blue-Purple Corex A filter which 
cuts off the radiation completely below 2300A, but shows 70 per cent transmission 
of the 2537 A line, reduced the rate to 1.3 per cent of its value without the filter. 
A similar experiment with a Cellophane filter cutting out radiation below 2200A 
and transmitting 45 per cent of that of the 2537A line reduced the rate to about 
1 per cent of that without the filter. 

The rate of decomposition was directly proportional to'^the rate of absorption 

Manning, W. M., and Noyes, W. A., Jr., /. Am. Chem, Soc., 54, 3907 (1932). 

Melville, H. W., Proc. Roy. Soc., 146A, 737 (1934). 
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Mulliken, R. S.. Phys. Rev.. 30, 1.^0, 175 (1927); Lambrey, M., Ctmpt. rend., 186, 1112 (1928); 
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such that the results of these observers may not have been contradictory. 



326 


THB CHEMICAL ACTION OP ULTRAVIOLET RAYS 


of the effective wave-leng:ths. At very low pressures, the rate was also directly 
proportional to the pressure, a circumstance which eliminated an excited molecule 
mechanism* Were the primary process of the latter type, the rate would vary as 
the square of the pressure since collisions with normal molecules would be required 
to effect a decomposition of the excited molecules. Most of the reaction produced 
by the mercury arc was attributed to absorption of the 1832A line by the delta 
band of nitric oxide* Absorption of the 1849A line in the beta band may have a 
lesser effect which becomes significant at higher pressures in agreement with the 
rates observed at pressures above 3 mm. Sparks between aluminum, zinc, cad- 
mium, nickel, copper and tin electrodes were effective to the same order of mag- 
nitude. The activity of such sparks was regarded as due primarily to absorption 
in the continuous background. That the process is one of predissociation finds 
some support in the work of Kaplan^®® on the emission bands of tlie gas. A 
calculated value for the molal heat of dissociation of nitric oxide, 121.95 kcal., is 
less than the energy of the 1830A line by 33.6 kcal. The dissociation products 
must, however, be normal atoms. The only secondary processes in the reaction 
are recombination processes occurring at the walls. It is suggested that at higher 
pressures the primary step may be predissociation from the upper levels of the 
defa-bands, rather than from the dc^/a-bands. 

Nitrogen Peroxide, At room temperatures this gas is compo.sed of an equi- 
librium mixture of NO 2 and N 2 O 4 molecules. The latter is non-absorbing in 
the visible range and the former is colored. Harris found the single molecules 
to exhibit a banded absorption spectrum between 6000 and 2250A. Lambrey^®^ 
tabulated the wave-lengths of the apparent absorption maxima and the individual 
intensities of the lines for the region 2083 to 4009A. The NO 2 molecule exhibits 
two limits of predissociation.^®^ The first lies between 3800 and 3700A and the 
second between 2459 and 2200A. The diffuse bands of the first region extend to 
about 2596A, at which point they are suddenly replaced by a series of sharply 
defined bands probably coinciding with a different electronic transition. These 
bands then become diffuse at the second predissociation limit. The first limit 
corresponds to a dissociation into NO and a normal oxygen atom, the second to 
the production of an oxygen atom in the state.^®^ The absorption attributed 
to the N 2 O 4 molecules also present in the gas is continuous, consisting of two 
broad structureless bands at about 3400 and 2400A.2®* 

On irradiation by means of the mercury arc, nitrogen peroxide was found by 
Norrish to exhibit a marked pressure increase. Since radiations transmitted 
by glass caused the pressure increase, the latter was attributed to a photochemical 
decomposition of the NO 2 molecules into nitric oxide and oxygen. The addition 
of either of these products completely reversed the reaction, nitric oxide being the 
more effective in displacing the equilibrium. The pressure increases rapidly at 
first, then slows down. The increase is complete in about fifteen minutes; when 
the illumination is stopped the pressure returns to its original value, rapidly at 

sw Kaplan, J., Phys. Rev., 37, 1406 (1931). 

Harrl«p L., Proc. Nat, Acad, Sci., 14, 690 (1928). 
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first and then mare slowly. Constancy of pressure was attained when the rate of 
recombination of NO and oxygen became equal to the rate of the photodecompo- 
sition* Hydrogen had no effect on the increase of pressure. This worV had been 
completed before the interpretation of the spectrum by Henri had appea**ed. 
Norrish, lacking this information, proposed a mechanism involving a reaction 
between an excited and a normal molecule of NO 2 in which molecular oxygen 
was produced. 

By a method insuring only very low partial pressures of the reaction products, 
Dickinson and Baxter were able to avoid the recombination of the products 
and the resulting heat effect. Under their conditions, it was not necessary to treat 
the reaction as an equilibrium and quantum yields could be determined for the 
direct decomposition. The yields were determined in a series of spectral regions, 
isolated by the use of filters. The following mean values, expressed as molecules 
of oxygen per quantum absorbed, were obtained: 4350A, 0.0046 ; 4050A, 0.036; 
3660A, 0.77. At the low pressures used, the values were not markedly dependent 
on the pressure. 

These observations were extended by Norrish to include six wave-lengths. 
The yield was zero at 5760, 5460 and 4360 A. For 4050 A, it w^as 0.37, at 3650 A 
1.05 and for the range 3160 to 2650 A, 1.04. It is particularly interesting that a 
photochemical threshold is found in the middle of a region in which the substrate 
absorbs strongly, the maximum absorption of nitrogen peroxide being at about 
4500A where the quantum yield is zero. Light of the photochemically inactive 
wave-length 4360 A produced an orange fluorescence and the violet light of 4050A, 
which is only partly effective photochemically, a much fainter greenish-yellow 
fluorescence. The spectra of the fluorescence at each wave-length possessed two 
wide maxima at about 6400 and 5900A, different intensity distributions account- 
ing for the difference in color. At 3650A only a very faint fluorescence could be 
produced. When present, the fluorescence could be destroyed by the addition 
of oxygen. These observations can now be interpreted as evidence that predisso- 
ciation begins at about the threshold region, necessitating a revision of previously 
assumed excited molecule mechanisms. 

The presence of nitrogen pentoxide does not affect the decomposition of the 
nitrogen peroxide, according to Holmes and Daniels.^®® Their quantum yields, 
based on molecules of NO 2 decomposed, in a mixture of the above gases were 
1.92 at 3130A, 1.83 at 3660A, 0.5 at 4050A and zero at 4360 A. They also found 
that N 2 O 4 is decomposed at 2650A with a quantum efficiency of 0.6. Although 
the lines 3660 and 3130A are absorbed by this gas, no measurable decomposition 
results. Helium, argon, nitrogen, oxygen, hydrogen, carbon dioxide and nitrous 
oxide were found to decrease the photolysis of NO 2 , but were more effective in 
reducing fluorescence. 

The synthesis of nitrogen dioxide in a glow discharge in a two to one 
oxygen : nitrogen mixture has been reported by Westhaver and Brewer.^®® 

Nitrogen Pentoxide, The absorption of this gas, according to Urey, Dawsey 
and Rice^"^® is continuous from 3050A into the Schumann region. The upper 

Dickin*on, R. G., and Baxter, W. P., J. Am. Chem. Soc., 50, 774 (1928). 

Norrish, R. W. G., /. Chem. Soc., 1158, 1604, 1611 (1929), 

»» Holmes, H. H., and Daniels, F., Am. Chem. Soc„ 56, 630 (1934). 
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“^Urey, H. C, Dawsey, L. H., and Rice, F. O., J, Am. Chem. Soc., 51, 3190 (1929). See also 
Jones, E. J., and Wtdf. O. R., /. Chem. Phys,, 5, 873 (1938), 
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absorption limit corresponds with an energy of 93.2 kcal, suggesting that the 
primary reaction N^Os ~^ 2 N 02 + O occurs. 

Holmes and Daniels, ^ho also gave absorption data, stated that light of 
wave-lengths 2800 and 2650A decomposes the pentoxide with a quantum efficiency 
of 0.6. 

Nitrogen pentoxide is also decomposed photochemically by blue light, but only 
in the presence of nitrogen peroxide as a sensitizer.^^s Light in the region 
4000 to 4600A is responsible for the reaction, the rate being proportional to the 
energy absorbed by the nitrogen peroxide. At low concentrations of the sensitizer, 
the rate is proportional to the amount present. From the data given, Kistiakow- 
sky has calculated an upper quantum yield limit of about 18. 

Fazel and Karrer suggested that the excited nitrogen peroxide molecules 
transferred their energy by collisions of the second kind to molecules of nitro- 
gen pentoxide, thereby dissociating the latter. Norrish,'^'^^’ however, suggested 
that the nitrogen peroxide might be decomposed, the resulting nitric oxide mole- 
cules then reacting with nitrogen pentoxide with the production of three mole- 
cules of nitrogen peroxide, the original sensitizer. Busse and Daniels found 
the rate of this photosensitized reaction to be unaffected by collisions with oxygen, 
nitrogen or hydrogen. Bromine could not be substituted for the nitrogen per- 
oxide even though the halogen has a rather similar absorption range. When 
added to a mixture containing nitrogen peroxide, bromine decreases the sensi- 
tizing efficiency of the latter, probably by absorbing a portion of the effective light. 
From measurements of the relative rates of decomposition of nitrogen pentoxide 
at 0°C. by radiations of wave-lengths 4350, 4050 and 3660 A, and comparison with 
the data on the decomposition of nitrogen dioxide, Baxter and Dickinson con- 
cluded the mechanism of the sensitized nitrogen pentoxide decomposition to be 
essentially that suggested by Norrish. 

Nitrosyl Chloride. Magnanini ^78 found nitrosyl chloride to exhibit weak 
absorption bands in the region 5300-6200 A ; strong absorption sets in at 5300A. 
Kistiakowsky 270 states that the absorption begins above 6300A and increases grad- 
ually toward tlie ultraviolet. In the region between 5100 and 4350 \ the banded 
structure showed faint but diffuse line structure. In the ultraviolet below the 
absorption maximum at 3300A no banded structure could be observed at all. 

According to Kiss^®^ visible light decomposes nitrosyl chloride incompletely 
into nitric oxide and chlorine, which recombine in the dark, a stationary state being 
finally reached. The temperature coefficient is unity (0*^ to 78°C.). Working with 
the spectral regions 4380-5000 and 4480- 5200 A, isolated by means of filters, Bowen 
and Sharp found the quantum yield to be 0.5 independent of the extent of the 
decomposition. Their proposed mechanism included a primary dissociation into 
nitric oxide and a chlorine atom, followed by some secondary reactions in which 
the chlorine atom produced the transitory compound NOCL. Quite different 
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results were reported by Kistiakowsky,^* who obtained a quantum yield of 2.1 at 
each of several wave-lengths from 6350 to 4350A, and probably also at 3650A. 
No explanation could be given for the divergence from the results of Bowen and 
Sharp. Kistiakowsky also believed the spectral evidence favored an interpretation 
by means of excited nitrosyl chloride molecules rather than one of direct dissocia- 
tion for the primary process. 

Nitrogen Trichloride. The decomposition of nitrogen trichloride 

2Nai N. + 3CU 

is sensitized by chlorine, the velocity being directly proportional to the light 
absorbed by the added chlorine 

The reaction is of zero order with respect to nitrogen trichloride until the 
decomposition is practically complete; a semi-explosive reaction then occurs. 
With pressures of nitrogen trichloride of 0.146 to 2.48 mm. and of chlorine between 
100 and 22 mm. the quantum efficiencies (at 4360 and 3650A) were high, 
between 17 and 5, depending on the pressure of the chlorine. They tended to 
approach a limiting value of about three at the highest pressures of chlorine. If 
the vessel is treated with water or heated to 100 *^ 0 ., the efficiency is abnormally 
high; the “maturing’^ of a vessel is chiefly the formation of an invisible film of 
ammonium chloride on the surface which indirectly establishes a constant condi- 
tion of chain rupture in the gas phase. The relation between the yield and the 
chlorine pressure is given by 


0.0038Pci, 

in which Ki varies from 2.0 to 2.5 and is dependent on the size of the vessel. 
Foreign gases reduce the quantum yield to a limiting value of two, the relation 
being 


(0.0038Pci, + K,Pq.u) 

The ^2 values were * helium 0.00093, argon 0.0016, nitrogen 0.0017, oxygen 0.0025 
and carbon dioxide 0.0038. It was suggested that the added gas stabilizes by 
triple collisions an energy-rich complex, NCI 4 , which is associated with the rup- 
ture of chains. 


The Photochemistry of Sulfur Compounds 

The gaseous reaction between hydrogen and sulfur is greatly aided by the 
ultraviolet rays from a mercury vapor lamp, according to Norrish and Rideal.^**^ 
The absorption spectrum of sulfur vapor contains a band with maximum absorp- 
tion at 2750A according to Graham.^®® It is known that this value lies within one 
of the two predissociation regions possessed by sulfur vapor.^®® 

The absorption of hydrogen sulfide, which is entirely continuous, begins at 
about 2800 A and reaches a maximum at about 1850A.“®’^ The gas can be decom- 

Kistiakowsky. G B., he cit. 
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posed by the lig^ht of the mercury arc or of the zinc spark. Using the latter 
source, Stein found the quantum yield to be 2 (2050A) when the hydrogen 
sulfide pressure was 250 mm. At higher pressures the quantum yield reached 
3.8. The nature of the primary process was not determined On the other hand, 
Forbes, Oine and Bradshaw find the yield to be unity and independent of pres- 
sure between 8 and 1400 mm. and of light flux over a 14-fold range at 2080A. 

The Oxides of Sulfur. Sulfur monoxide, spectral evidence for the exist- 
ence of which has been presented by Henri and Wolff, is said to undergo 
a photochemical decomposition when irradiated by the shorter ultraviolet 
wave-lengths.^®^ A slight contraction in volume of sulfur dioxide was 
observed by Berthelot and Gaudechon to occur in a sample of the gas 
irradiated over a mercury surface. Sulfur was deposited on the tube and 
the mercury became encrusted with a sulfate. Corresponding results were 
also obtained in the presence of oxygen. Similar observations have been 
reported by Hill,204 used a Uviol mercury lamp. He represented the 
decomposition as SSOg — > 2SOa + S. By interposing various filters it was found 
that the chief response is at 3130A, lying within the first absorption band of sul- 
fur dioxide. The gas has a well-developed band system which extends from 
about 3400 A to shorter wave-lengths.^®® Predissociation into SO and O sets in 
at about 1950-1900A. Predissociation also is possible at about 2100A.®®® 

Kornfeld and McCaig^®''^ obtained the absorption spectrum of sulfur dioxide 
before and after it had been irradiated at low temperatures with an aluminum spark. 

Although the gas decomposes at these wave-lengths into SO and O, the 
spectrum of SO was not observed. Because of its surplus vibrational energy, the 
latter was possibly consumed in an unexpectedly rapid reaction. 

The spectrum of sulfur trioxide shows continuous absorption from 3300 to 
2600A and from 2300 to 2000A.^®® Kornfeld^®® concludes that at 2760 A disso- 
ciation produces SO 2 and a normal state oxygen atom. 

Konstantinova- Shlezinger states that the sulfur trioxide produced when 

sulfur dioxide is irradiated in a quartz vessel, is decomposed to some extent by the 
reaction 2 SO 3 2 SO 2 + O 2 . 

, The Oxidation of Sulfur Dioxide. Coehn and Becker found that the for- 
mation of sulfur trioxide proceeds fairly rapidly in a mixture of sulfur dioxide 
and oxygen in a quartz reaction vessel mounted within a mercury lamp. With a 
mixture of equal volumes of sulfur dioxide and oxygen, the content of sulfur 
trioxide was 65 per cent at equilibrium. The latter condition was attained within an 
hour at a temperature of 160° C, This is quite different from the thermal equili- 
brium, since in daylight at temperatures below 450°C., there is practically 100 per 
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cent snlfur trioidde at equtlibrintn, The irradiation equilibrium was found not to 
be displaced by increases of temperature up to 800^C., whereas the dark equili- 
brium is displaced considerably when the temperature is raised above 4S0®C. The 
temperature coefficient of the oxidation rate was found to be T2. These aujfchors 
also made experiments with flowing systems at temperature of 450° C. and 
obtained yields so high as to lead them to believe a technical process for the pro- 
duction of sulfuric acid to be feasible.^^^ 

In a repetition of this work, Trautz and Helfrich®®® found the mass law to 
hold within the limit of experimental error, and observed the equilibrium con- 
stant to vary linearly with the square of the current to the mercury arc. The 
introduction of argon or nitrogen had no effect on the equilibrium constant* They 
also claimed that completely dried sulfur dioxide neither decomposed when irra- 
diated nor was oxidized in the presence of oxygen. 

The quantum yields have been determined for a series of wave-lengths of 
monochromatic light by Kornfeld and Weegmann.®^^ At 2537A and longer wave- 
lengths, the yield was less than 0.01, and even this was decreased by increasing 
the concentration of sulfur trioxide. The yields were 0.53 at 2200 A, 0.71 at 2070A 
and 1.0 at 1806A. They attributed the results to a mechanism involving dissocia- 
tion. The slight yields at the longer wave-lengths were said to be explained by a 
different mechanism since there is insufficient energy for dissociation. Franck, 
Sponer and Teller considered the process of oxidation to involve excited 
molecules of sulfur dioxide. Beyond 1950A, in the predissociation region, they 
found the quantum yield to rise to three. 

Sulfuryl Chloride. The absorption by this material is continuous at wave- 
lengths less than 2600 A,®®® LeBlanc, Andrich and Kangro stated the 
absorption to begin at 3000A and to rise rapidly at shorter wave-lengths. With 
radiations absorbed by sulfuryl chloride, but not to a marked extent by either 
sulfur dioxide or chlorine, there is practically complete dissociation either at 
55° C. or at 100°C. These authors believed that irradiation of mixtures of sulfur 
dioxide and chlorine by wave-lengths absorbed by the former caused only slight 
changes which did not result in the formation of sulfuryl chloride. On the 
other hand, radiations absorbed by the chlorine caused the reaction to run to an 
equilibrium, the position of which depended on the temperature and the amount of 
moisture present. 

Trautz found that the radiations about 2900 A caused the combination of the 
two gases to proceed smoothly as a second order reaction, particularly at higher 
temperatures. Sulfuryl chloride was not the only product of the reaction ; if rela- 
tively short periods of exposure were separated by several hours of darkness, other 
substances formed and decreased the velocity constant. When continuous irra- 
diation was employed, constants were no longer obtained, probably on account of 
the side reactions. A temperature increase of 80° C. decreased the velocity of the 
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combination, corresponding to a temperature coefficient of 0.B8 per 10®C, The 
vdocity of tlie formation reaction is of the same order as that which is catalyzed 
by animaj charcoal in the dark, whether Uviol light or that from a quartz lamp is 
used. 

Attempts to obtain sulfuryl bromide by the irradiation of sulfur dioxide and 
bromine have not been successful.®®^ 


Photochemistry of Miscellaneous Substances 

Phosphine and Arsine. In the absorption spectrum of phosphine, Chees- 
man and Emeleus observed poorly developed bands with centers at approxi- 
mately 2315 and 2290A. Arsine and stibine showed only continuous absorption. 
In the photochemical decomposition of the latter, hydrogen was formed. 

The mercury-sensitized decomposition of phosphine, as affected by variations in 
the partial pressures of phosphine, hydrogen, oxygen and argon, was investigated 
by Melville.®^^ Collision of excited mercury atoms with phosphine was believed 
to produce H and PH 2 . Recombination of these products by a wall reaction was 
indicated by the decrease in the reaction rate which was observed to follow an 
increase in the surface-to-volume ratio of the vessel. An observed inhibition by 
added hydrogen was attributed to the effect of the latter in deactivating the excited 
mercury atoms and to a wall reaction between the additional atomic hydrogen so 
produced and the phosphorus-containing intermediate. By attacking the inter- 
mediate, added oxygen increased the rate of the phosphine decomposition. That 
the oxide so formed initiated a stable chain reaction between the remaining phos- 
phine and oxygen was shown by the acceleration of this reaction by argon. 

The lowering of the explosion limit of phosphine-oxygen mixtures by mercury 
arc irradiation was shown to be due to a surface effect probably connected with 
the adsorption of hydrogen by the wall of the containing vessel. The direct photo- 
chemical decomposition of phosphine by the radiations from zinc or aluminum 
sparks leads to the formation of hydrogen and red phosphorus.®i2 

Melville®^® also finds that at room temperature the absorption spectrum of 
phosphine consists of a region of continuous absorption beginning at 2300 A, 
preceded by four diffuse bands. At 300®C., the bands disappear and the absorp- 
tion limit moves toward longer wave-lengths. The direct photochemical decom- 
position has a quantum yield of 0.56 when conducted in a 7 cm. bulb and 0 49 in 
a 2 cm. bulb. It is independent of temperature below 300° Atomic, but not 
molecular, hydrogen decreases the yield. 

An oxygen-phosphine mixture reacts explosively between two sharply defined 
pressure limits. The lower one can be diminished by irradiation between the wave- 
lengths of 2500 and 2800 A. The effect is ascribed to the formation of a small quan- 
tity of an active substance from the phosphine; this docs not decay immediately 
when the elimination ccases.*'^!*^ 

Melville and Roxburgh®^® found for the reaction produced by irradiation of 
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an oxygren-phosphine mixture at O.OS mm, a quantum yield of 200, a stable chain 
reaction occurring. Above the upper limit of irradiation for explosion in the 
photochemical oxidation of phosphine, the chain reaction is inhibited by oxygen. 

Since the continuous absorption of arsine begins at only 2390A, the sensitized 
decoxnposition produced by mercury atoms excited by the 2537A line may be 
studied without any complication due to a direct reaction.^^® Hydrogen gas and a 
film of arsenic are formed. The rate of decomposition is directly proportional 
to the intensity of the light and, at high pressures, is independent of the arsine 
pressure. At low pressures, the rate is decreased because the excited mercury 
atoms lose some of their energy by fluorescence. The decomposition is very 
slightly inhibited by addition of hydrogen. The quantum yield is 1.03. 

Germane absorbs only in the very short wave-length region, probably at about 
1700A. Absorption is entirely continuous at least as far as ISSOA.®^^ Radia- 
tions transmitted by very thin layers of quartz will decompose germane into 
hydrogen and germanium. The primary process is uncertain. A mercury-sensi- 
tized reaction also leads to the same produCts.*^^® 

A mercury-sensitized decomposition of silane to hydrogen and a solid SiH^ has 
been reported by Emeleus and Stewart.®^® The lack of absorption by this material 
prevents the occurrence of any direct photochemical decomposition. Mixtures of 
30-50 per cent of silane with oxygen at low pressures explode when irradiated by the 
mercury resonance line, hot mercury spark, or aluminum spark. The process may 
be due to the formation of excited oxygen molecules. At higher pressures (100- 
500 mm.), the mixture reacts slowly after an induction period which depends on 
the initial pressure and oxygen concentration to give silicon. At the beginning 
the pressure increase is an exponential function of the time. 

Siloxene, Si^jOsH^, reacts with organic halides in the presence of light to 
produce a moiiohalogenated siloxene.^^® Siloxene absorbs only light of short 
wave-length, but am be sensitized to long wave-lengths by the addition of a very 
small quantity of hydroxysiloxene or of a dye. Since colored products are formed 
as the reaction proceeds, there is also autosensitization. 

Iron pentacarbonyl vapor can be decomposed by irradiation with the wave- 
length 4000A, with a quantum efficiency of The reaction is inhibited by 

foreign gases. Eyber explained the results by assuming an excited molecule to 
react with a normal one with the production of carbon monoxide and the com- 
pound Ee 2 (( 0 ) 9 . On the other hand, Thompson and Garratt^"*^^ found the vapor 
to have continuous absorption beginning at 4100A. They suggested that the pri- 
mary process involves a dissociation into CO and Fe(CO) 4 . The latter then 
reacts with a molecule of the pentacarbonyl to give the observed product Fe 2 (CO) 9 . 
In hexane or carbon tetrachloride the continuum began at 5500A, but this was 
attributed to the presence of the decomposition product as an impurity. Eyber 
found that hexane solutions absorb strongly below about 4600A. 

Both the vapor and hexane or carbon tetrachloride solutions of nickel tetra- 
carbonyl show only continuous absorption, beginning at 3950A. The first reaction 
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of irradiation 1$ to produce carbon monoxide and nickel tricarbonyl, the latter 
further dissociating into carbon monoxide and nickel In the gas phase, however, 
no change is observed, ^ thermal recombination balancing the photochemical 
decomposition. The quantum efficiency is higher, 2,12, for solutions in carbon 
tetrachloride than for those in hexane or cyclohexane. The yield increases some- 
what with frequency from a threshold value corresponding to the limit of con- 
tinuous absorption. Fedorov and Talmud find the reaction can be sensitized 
to wave-lengths greater than 6400 A by pinacyanol. Webster claims the 
polymerization of nickel carbonyl to (Ni(CO) 4 ) 2 , which has antiknock properties 
when added to motor fuels, by the action of actinic light, 
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»*F«>doiW, F. P„ and Talmud, D. L., /. Phyi. Chem. (U.SS.RJ, 8, 789 (1936); Chem. Abs„ 31, 
170Z (1937). 

»»» Webster, H. G., U. S. P. 2,002,805, May 28, 1935; Chem Abs., 29, 4932 (1935). 



Chapter 20 

Inorganic Reactions in Liquids 

General Characteristics 

In liquid phase reactions the photochemical mechanism may be altered because 
of the influence of neighboring molecules of the reactant if a pure liquid, or of 
the solvent if a solution, upon the molecule which absorbs a photon. These influ- 
ences are exerted even during the act of absorption. As pointed out by Franck 
and Rabinowitsch,^ the molecules in a liquid may be regarded as being permanently 
in a state of collision. As a result, collisions with adjacent molecules are occurring 
during the brief period between the absorption of a photon by a molecule and its 
dissociation (about second). Such collisions may deactivate the excited mole- 
cule even before it has a chance to dissociate. Accordingly, the yield of the 
primary process might be expected to fall below unity. A lowered quantum yield 
in the primary process would be reflected also in a lowered quantum yield for the 
measured overall reaction. This consideration would apply to any photochemical 
process in which the primary act is the formation of an excited molecule. 

Since all collisions between dissociation products would be triple collisions 
with solvent molecules, the occurrence of secondary recombination processes would 
be enhanced and contribute to a lowering of the quantum yield. Such processes 
would be true recombinations of the dissociation products of individual molecules 
rather than combinations of products of dissociation of different molecules or of 
products produced in secondary reactions. This follows because any excess kinetic 
energy with which atoms or free radicals may be endowed, by virtue of a disso- 
ciating photon of slightly shorter wave-length than corresponds to the energy 
required for dissociation, would be lost by collision before the products had moved 
much more than a molecular diameter. Recombination would then be possible if 
the products were still close together. When much shorter wave-lengfths are used 
in irradiation, the kinetic energies of the dissociation products are great, enabling 
the latter to travel farther apart before losing this excess energy. The result 
would be a reduction of the chance of recombination and an increase in the quantum 
yield over that produced by the use of longer wave-lengths.^ 

In certain liquids and in solutions in non-polar solvents such as carbon tetra- 
chloride, it is possible that the rates and temperature coefficients of secondary 
processes are not far different from those in the gaseous state.® In other cases 
there may be complications due to combinations of the solvent with the dissocia- 
tion products of the primary process. Indeed, the original solute may be solvated 

^Franck, J., and Rabinowitsch, E., Trans, Faraday Soc., 30, 129 (1934). 

»$veshnikov, B. Y,, [Acta Physicochim, U.R.S.S., 3, 257 (1935)1 has discussed the theory of the 
quenching of the fluorescence of excited molecules as dependent on the viscosity of the solvent. He 
has also considered the effect the concentration of a reactant which does pot require activation may 
have on the mean life of excited molecules. Compt. rend, acad. set. U,RS.S„ 15, 177 (1937); Chem. 
Abs., 31, 656 (1938). Note also Schpolski, E., Acta Physicochim, U.R.S.S., 3, 255 (1935). 

* Moelwyti-Hxighes, E. A., “Kinetics of Reactions in Solution,” p. 63. Oxford University Press, 
1933. 
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a*id give rise to further complications. Details of effects exerted by the solvent 
upon secondary processes will be discussed in connection with individual reactions. 

Dickinson^ pointed out that as a result of these possibilities, reactions in the 
liquid phase might be expected to have quantum yields less than, or in some cases 
equal to but never greater than, those of the same reactions in the gas phase. He 
examined the reactions in which available data permitted a comparison of the 
yields in the two states. Of eleven reactions studied, ten exhibited yields in the 
liquid phase which were slightly less than those in the gas phase. An exception was 
the decomposition of ethyl iodide produced by absorption within the continuous spec- 
tral region. This halide, according to West and Ginsburg,® undergoes little decom- 
position in tlie gas phase and more in the liquid phase or in solution in hexane 
or benzene. Dickinson, however, raised the question as to whether the effects of 
traces of oxygen had been entirely eliminated in this work.® 

Rollefson ^ has discussed cases in which the solute is affected by the solvent 
and, in particular, the influence of the solvent, especially if polar, upon photo- 
sensitization processes effected by such fluorescent substances as uranyl salts. 

Absorption Spectra. Spectral evidence as to the nature of the primary 
process — dissociation, predissociation or formation of excited molecules — is rarely 
available for the interpretation of photochemical reactions in condensed systems. 
However, the products capable of secondary reactions will be dissociation products, 
for collisions would easily lead to the dissociation of excited molecules. The 
absorption spectra of liquids seldom exhibit the fine structure characteristic of 
transitions between rotational levels of molecules seen in the absorption of gases 
and the occurrence of which was used as a criterion of the absence of predisso- 
ciation. Even the more widely separated bands characterizing the vibrational levels 
of moiecules are usually but partially distinguishal)le. The blurring of the finer 
strucitUre is in part attributable to the effect of collisions with neighboring mole- 
cules and in part to the Stark effect of the charges of the adjacent molecules. 
The effects of collision-broadening may be lessened by making the observations 
at liquid air temperatures in some cases. This is particularly to be observed in 
the case of crystals. For example, at very low temperatures (20°Abs.) sharp 
lines replace the broad absorption bands of potassium dichrornate observable at 
ordinary temperatures.® 

In other cases, as azobenzene, the broad bands seen at ordinary temperatures 
are broken into a series of narrow but still diffuse bands at —196°C., forming a line 
spectrum at 20®Abs. 

Aside from the obliteration of the finer structure, the situation of the absorp- 
tion region may be either unaffected or shifted to other wave-lengths by the 
presence of a solvent. Instances in which there is similarity in absorption in the 
gas phase and in liquid solution are found in the halogens as vapors or in solution 
in carbon tetrachloride, chloroform or carbon disulfide, and for hydrogen sulfide 
in water and in hexane. When the solute is solvated, there may, however, be 


* Dickinson, R, G., Chem. Rev., 17, 413 (1935); /. Pkvs. Ghent., 42, 739 (1938); see also Rollef- 
son, G. K., and Libby, W. F , Chem. Physics, 5, 569 (1937). 

»Wc8t, W., and Ginsburg, E., /. Am. Chem. Soc., 56, 2626 (1934). 

*For further discussion of the modifications of the quantum yield of the primary process which may 
occur in solution, sec also Kistiakowsky, G. Cold Spring Harbor Symposia Qnant. Biol., 3, 44 
(1935), and RabinowHsch, E., and Wood, W., Trans. Faraday Soc., 32, 1381 (1936). 

''f Rollefson, G. K., Chem> Rev., 17, 425 (1935); Cold Spring Harbor Symposia Quant. Biol., 3, 19 
(1935); Chem. Abs., 30, 6648 (1936), 

®Obreimow, I., and de Haas, W. J., Proc. K. Acad. PFetensck Amsterdam, 31, 353 (1928); Schau- 
piann, H., Z. Physik, 76, 106 (1932). 
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marked shifts m the situation and intensity of the absorption bands.*^ The effects 
of variation of temperature on the extinction coefficients of a number of salt solu- 
tions, mostly colored, have been measured by Mukerji, Bhattacharji and Dhan^^ 
The changes are in large part attributed to changes in the hydration of the soli|tes» 
usually ions, at higher temperatures. 

There have been many studies of the absorption spectra of salts in solution, 
the absorption of the solution being due in large part to absorption by the ions 
present. The influence of electrostatic forces upon the magnitudes of the extinc- 
tion coefficients in various solutions and the effects of adding foreign non-absorbing 
salts have been investigated, but for present purposes it is Sufficient to note that 
the effects of these electrostatic forces may be great enough to alter markedly the 
absorption region from that of the pure undissociated compound. The result may 
be that in solutions the photochemically effective wave-length regions may differ 
from those which induce the same reaction in the gas phase.^^ For example, the 
absorption band of the iodide ion found at 2:^73A in aqueous solution shifts toward 
shorter wave-lengths in concentrated calcium chloride solutions and in alcohol. 
Changes in the solvation of the ions are of importance in producing these effects.^^ 
Scheibe has reviewed the causes of variations in the absorption spectra of 
solutions. 

Cations of the alkalies and alkaline earths do not absorb light, and visible or 
ultraviolet absorption exhibited by solutions of their salts is usually due to the 
anions. Other cations, as those of the transitional group of elements, iron, chro-* 
mium, copper, cobalt, nickel, or manganese, exhibit absorption believed to arise 
from low-energy electron shifts involving the incomplete electron shell in the 
structure of these atoms. 

Electron-Affinity Spectra. 7'he spectra of the anions, particularly those 
of the halogens, have been called “electron affinity spectra, since it is considered 
that the electron held by the atom or radical as ion is driven off from it in the 
absorption process, rather than excited to a higher energy state.^® The iodide ion 
exhibits two broad continuous bands with maxima at about 2250 and 19S0A (see 
Figure 113), The separation between these maxima when expressed as the dif- 
ference in the corresponding wave-numbers (about 8000 cm~^.) is very close to 
the difference between the ground state and an excitation state of the iodine atom 
(7600 em'h). Thus one maximum is interpreted as caused by separation of an 
electron from a normal iodine ion and the other to separation of an electron from 
an excited ion. The hydration of the ion and the hydration of the electron modify 
the results somewhat. Franck and Haber have postulated that, as a part of the 
process, the electron attaches itself to an OH group split off from a molecule of 
hydration of the ion, a hydrogen atom being also formed. Similar considerations 
also apply to the spectra of other anions, but in the morq complex ones, as the 
nitrate ion, other decomposition possibilities must also be considered. Farkas 
and Farkas modify the theory by assuming that the primary process involves a 

• Hantzsch, A,, and Carlsohn, H., Z. anorg, Chem., 156, 199 (1926). 

Mukerji, B. K , Bhattacharji, A. K., and Dhar, N. K., /. Phys. Chem,, 32, 1834 (1928). 
i^von Halban, 1:1 , and Ebeit, L., Z. phystk. Chem, 112, 321 (1924); von Halban, H,, 7'rans. Foro- 
day Soc,, 21, 620 (1926); von Halban, ll, and Eisenbrand, J., Z. physik, Chem,, 122, 3 3 7 (1926). 

Scheibe, G., with Romer, R., and Rossler, G., Ber., 59B, 1321, 2616 (1926). 

Scheibe, G., Angew, Chem., 50, 212 (1937). 

^*Saha, M., Nature, 125, 130 (1930); Shibata, Y., and Harai, K., /. Chem. Soc. Japan, 1 (1935); 
Pcstemer, M., and Bernstein, P., Z. anoig. allgem, Chem., 223, I2l (1935); Samuel, R., and othets, 
Z, phystk. Chem,, 22B, 431 (1933); Bull Acad. Set. United Provimcs Agra Oudh. Allahabad, 3, 157 
(1934); Trans. Faraday Sac., 31, 423 (1935); Indian J. Phystes, 9, 491 (1935); Inoue, T,, /. them. 
Sac, Japan, 54, 65 (1933); Chem. Abs., 27, 2382 (1933), 
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transfer of the electron from the anion to a water molecule in the hydration layers* 
If no photochemical change ensues, the electron returns to the initial state. If a 
reaction occurs, the final state is reached by the transfer of the electron to a 
positive ion. Thus, 

(I“.aO) + hv > 

+ (H*) > I -f H,0 +H. 



Figure 113. Electron Affinity Spectrum for Iodide Ion (Franck and Scheibe, 

Z, physikalische Chemte), 

Lederle concludes, as a result of measurements of the electron-affinity spectra 
of aqueous and alcoholic solutions of alkali and alkaline earth halides, that the effects 
of temperature and solvent may be satisfactorily explained by the hypothesis of 
Franck and Scheibe. The hydroxyl ion has an absorption maximum at 1860A.^® 
Since the theory of photochemical reactions in li(]uid systems is less advanced 
than is that of reactions in gaseoUvS sy.stenis, the treatment of much of the material 
in this chapter is necessarily of a more descriptive and qualitative nature than 
that of the preceding chapter. On the other hand, photochemical processes in 
crystals, particularly the alkali and silver halides, are now being very actively 
studied from a theoretical standpoint 

Water and Hydrogen Peroxide 

Water is very transparent to ultraviolet wave-lengths greater than 1950 A, but 
below this its transparency decreases rapidly.^® Although earlier observers had 

^Franck, T., and Scheibe, G., Z. physik. Chem,, 4B, 22 (1928); 5B, 355 (1929); Fromherz, H., and 
Menschick, W., Z. physik. Chern,, 7B. 439 (1930); Farkas, A., and Parkas, L., Trans Faraday Soc., 
34, 1113 (1938). 

« Franck, J., and Haber, F., Ber, Berl. Akad., 250 (1931); Scheibe, G., Z. Elektrochem., 35. 701 
(1929); SUsb. phys.-med. Soc. Erlangen, 58-59 (1927); Chtm. Ahs„ 22. 4371 (1928). See also 
Dutta, A. K., Trans. Bose Research Inst., Calcutta, lt>, 209 (1934-5), Chem. Abs., 32, 3263 (1938); 
Farkas. A., and Farkas, L., Trans. Faraday Soc., 34, 1113, 1120 (1938). 

It Lederle, E., Z, phystk. Chem., lOB, 121 (1930). 

»Lcy, H., and Arends. B., Z. physik. Chem., SB, 240 (1929). 

» Tstikamoto, K., Rev. d^aptique, 7, 89 (1928); for data throughout the visible sec Hulburt, E. O., 
and Dawson, L. H., /. Opt. Soc. Am., 24, 175 (1934) and for sea water, Hulburt, E. O., Ibid, 17, 
IS (1928). 

\ M K^nibaum, M., Farm. Polsk., 15, 71 (1913); Chem. Abs., 8, 387 (1914). 
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concluded that ultraviolet ra 3 rs, and even the rays of the aun, would cause some 
decompositkm of pure oxygen-free water, with the production of hydrogen perox** 
ide, subsequent work has shown that only radiations of very short wave-length^^ 
(1900A) produce any effect. Tian states that if the water contains dissolved 
oxygen, this may react with the hydrogen set free in the primary decomposition 
to form hydrogen peroxide. Ozone, formed from oxygen, may further react with 
hydrogen peroxide*^^ Further work is needed. 

It has been found by Bowden that if, during the electrolysis of dilute sulfuric 
acid, the mercury cathode is irradiated by wave-lengths less than 4000A, there 
is a marked acceleration of the deposition of hydrogen. A similar effect occurs 
with respect to the liberation of oxygen at a platinum electrode, but the threshold 
wave-length was not determined, 

The sensitized formation of hydrogen peroxide in the presence of aqueous 
suspensions of zinc oxide (in contact with air) when exposed to sunlight has been 
described by Baur and Neuweiler,^® who represent the process in terms of the 
‘^molecular electrolysis’^ theory of photosensitization discussed in Chapter 16. 
The yield was said to be greatly increased in the presence of small amounts of 
glycerol, dextrose or benzidine, these added substances being simultaneously oxi- 
dized. When glycerol was employed, there was an indication of the formation 
of dihydroxyacetone and possibly glycerose; with benzidine, a brown, insoluble 
oxidation product resulted. When the sensitizer was eosin or fluorescein rather 
than zinc oxide, the formation of hydrogen peroxide could be observed only whm 
dextrose or benzidine, but not glycerol, was present. 

The Decompositipn of Hydrogen Peroxide. In solutions, the coefficients 
of absorption of hydrogen peroxide are the same as those for the vapor.^® The 
absorption, which begins between 3700 and 3800A, is but slight to 3000A, after 
which it increases rapidly with decreasing wave-length. In Figure 112, the circles 
represent values for the solutions and the crosses those for the vapor. Sharma®*^ 
concludes the abrupt termination of the absorption spectra of 3, 10 and 30 per 
cent solutions at 2055A to correspond to the dissociation H 2 O 2 + ^ 2H + 02.^® 
The progressive addition of alkali displaces the absorption curves toward longer 
wave-lengths, a limiting value of the shift (500A) being attained when the ratio 
of alkali to peroxide is one to one. The new absorption is attributed to the ion 
HO 2 ', the formation of which involves a change in the mode of interatomic 
linking.^® 

It was early found that the velocity of decomposition of hydrogen peroxide in 
dilute aqueous solution increases with increasing frequency of the radiation 
employed.®^ It has been observed that with dilute solutions of the peroxide, the 
velocity is dependent on the concentration.^^ Tian and also Henri and Wurmser 

*‘‘Tian, A., Compt. rend, 156, 1063 (1913); Houben, J., and Fischer, W., Arh^ hiol. Reichs, Land- 
Farstw., 15. 601 (1928); Chem. Ahs., 23, 2366 (1929); Cothn, A., Ber„ 43, 8S0 (1910). 

*® See also Kcrnbaum, M,, Compt. rend., 149, 273 (1929), 

“Bowden, F. P., Trans. Faraday Soc., 27, SOS (1931). 

“Sec also Audubert, R., Compt. rend., 189, 1265 (1929). 

“Baur, E., and Neuweiler, C., Helv. Chim. Acta, 10, 901 (1927). 

“Urey. H. C.. Dawsey, L. H., and Rice. F. O.. /. Am. Ckem. Soc., 51, 1371 (1929). 

“ Sharina, R. S., Proc. Acad. Sci. United Provinces Agra Oudh, India, 4 , SI (1934); Chem. Ahs., 
29, 7187 (1935). 

“ For a comparison with the absorption of mono- and di-alkyl peroxides, sec Lederle, E., and 
Ricche, A., Ber., 62B, 2573 (1929). 

“Bredig, G., Lehmann, H. L., and Kuhn, W., Z. anorg. Chem., 218, 16 (1934). 

“Tian. A.. /. Chem. Soc,, 108 (ii). 828 (1915); /. Soc. Chem. Ind., 35, 114 (1916); Chem. Ahs., 
10, 1960 (1916). 

“Tian, A., /. c,; Komfcld, G., Z. wiss. Phot., 21, 66 (1921); Henri, V., and Wurmser, R.. CompU 
rend., 157, 1261 (1913); 156. 1012 (1913). 
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believed the velocity of decomposition to be proportional to the intensity of the 
incident radiation rather than to that absorbed. Qureshi and Rahman®^ state 
however, that the rate is proportional to the square root of the light intensity 
In recent observations, Komfeld®® concluded that in neutral solutions, the rate 
of decomposition produced by the 3110A line is proportional to the product of tht 
concentration of hydrogen peroxide and the square root of the absorbed light 
This relationship fails in acid solutions. This may have been a contributing 
factor in causing the divergent results of previous observers. Also Kornfeld notec 
that the quantum yield is variable and large, sometimes being as high as 80. 

The presence of dust in the water used as solvent has been found to affeci 
the results,®^ the rate of decomposition being roughly proportional to the dust 
content. Qureshi and Rahman found the quantum yield to vary with decreasing 
concentration between about seven and three, there being a maximum of eleven at a 
concentration of 0.09 M. Kornfeld proposed a chain mechanism for the reaction 
applicable in the presence of sodium sulfate and sulfuric acid : 

HtOs *4“ hp *" 20H 

HaOa + OH > H.0 -f HO« 

HaOa + Ofl > O 2 + OH + OH 

OH -f O 2 H ^ H 2 O + O.. 

In neutral solutions longer chains might account for the higher yields. Heidt/"^^ 
using light of high intensity at 3130A, found the quantum yield to approach unity as 
the concentration of the hydrogen peroxide was decreased to low values. As is 
usually the case with chain reactions, the decomposition is readily inhibited by traces 
of various substances. Henri and Wurmser observed this stabilizing action or 
hydrogen peroxide as early as 1913. Anderson and Taylor®*^ noted that although 
many inhibitors might function by absorbing the effective rays, some of the most 
effective inhibitors did not absorb the deistructive wave-lengths. Furthermore, the 
inhibitors in general acted much more effectively when placed within the solutior 
than when employed as external light filters. Subsequent work on the susceptibility 
of chain processes to inhibitors has given a new conception of the action of the latter 
as efficient breakers of chains. This topic is discussed in somewhat greater detail 
in connection with the oxidation of sulfites, but for a more general treatment, the 
reader is referred to texts on the theory of chain reactions.®^ 

Among the most efficient inhibitors for decomposition of hydrogen peroxide found 
by Anderson and Taylor were ethylamine, aniline, phenol and quinine salts. 
Strong to fairly strong inhibitors included methyl benzoate, benzamide and 
acetanilide. Moderate inhibitors were hydrocinnamic acid, ethyl cinnamate 
methyl oxalate, ethyl alcohol and benzyl alcohol. Weak inhibitors included ethyl 
benzoate, ethyl phenylacetate, acetone, acetophenone, benzophenone and benzene 
Acetic acid, ethyl acetate and acetamide had little or no effect. Tn most cases the 
concentrations of inhibitor employed ranged from 0.0001 to 0.005 per cent. Ander- 
son and Taylor concluded that inorganic bases are excellent inhibitors, inor- 

•* Qureshi, M., and Rahman, M. K., J, Phys Chem., 3$, 664 (1932), 

“Kornfeld, G., Z. physik Chem., 29B. 205 (1935). 

“Rice, F. O., and Kilpatrick, M. L., J. Phys. Chpm., 31, 1507 (1927) 

“Heidt, L. J., /. Am. Chem. Sac., 54, 2840 (1932). 

“Anderson, W. T., Jr., and Taylor, H. S., /. Am. Chem, Soc., 45, 650 (1923), 

“ Semenoff, N., “Chemical Kinetics and Chain Reaction.^,'’ Oxford University Press, 1935. 
“Anderson, W. T„ Jr., and Taylor, H, S., Am. Chem. Soc., 45, 1210 (1923); sec fdso Mathews 
j. H., and Curtis, H. A., /. Phys. Chem., 18, 521 (1914). 
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gallic acids are good inhibitors, bromides and chlorides have a moderate inhibitory 
action and other inorganic salts such as nitrites, sulfates and perchlorates, have 
no action. They found also that one hydroxyl ion inhibits as much as 25 hydrogen 
ions and that iiihibition has a zero temperature coefficient. 

Recently, Dain and Shvartz concluded that the photochemical decomposition 
is defined by the rate equation : 

- d(UuOu)/dt = Ar/% (H.O.) 

At 75*^ and under irradiation by a mercury vapor lamp, the rate of decomposition 
is reduced to one- half by the addition of 91 x 10“^ mole per liter of dimethyl 
ketone, of 20 X 10“^ of methyl ethyl ketone, or of 26 x 10“'* of diethyl ketone. The 
correction for the internal absorption of light by the ketone was never over 5 
per cent. The ratios of the velocities of the inhibited and uninhibited reactions 
are linear functions of the ketone concentration. They believe the ketones decrease 
the initial number of chains, ratlier than break those already formed. 

The well-known catalytic activity of lead peroxide and of platinum in the 
thermal decomposition of hydrogen peroxide is said to be increased by previously 
exposing the catalysts to ultraviolet light^^ Irradiation during thermal decom- 
position increases the activity of graphite, charcoal and lead peroxide as catalysts, 
but may decrease that of platinum. It is suggested that electrons are transferred 
from hydrogen peroxide molecules adsorbed on inactive regions of the catalyst 
to those on active centers. 

Sensitization of the decomposition of hydrogen peroxide to visible light has 
long been known. Kistiakowsky,**! who used as sensitizer a mixture of potassium 
ferro- and ferricyanides, found the decomposition to follow a monomolecular 
course and to continue after the irradiation had ceased. According to Weigert,^^ 
potassium ferrocyanide which has been irradiated will cause a reaction when added 
to hydrogen peroxide in the dark. The same phenomenon has been fcnind also in 
the case of sodium nitroprusside by Qureshi,^^ who believes the irradiation of 
this compound produces some colloidal Prussian blue which may serve as a catalyst 
for the dark reaction. 

The quantum yield for the bromine-sensitized reaction has been found by Liv- 
ingston and Schoeld^^ to be less than unity, but Griffith and McKeown^® find 
the yield much greater than one in blue light. They also deny the existence of a 
'‘photo-stationary” state in this system. 

Notwithstanding the fact that the decomposition of hydrogen peroxide is so 
sensitive to dust, inhibitors and sensitizers, the teaction has been employed in 
actinometry by Koeppe."*® However, Sostraann found this method of measuring 
radiations unreliable. 

Dain, B. Y., and Shvartz, A. S., Acta Physicochim. U.R SS., 3, 291 (1935); /, Phys. Chtm. 
(US.S.R.), 7, No. 2 (1936); Chem. Abs., 30, 2i09 (1936). 

^ Bisarshevskii, L. V., Koraberntk, R. K., and Rinskaja, K. S., Bull, Acad. Sci. U.R.S.S.. 7, 931 
(1934); Brtt. Chem. Ahs. A, 47 (1935); Chem, Abs., 29, 2433 (1935). 

Kistiakowsky, G. B., Z. physik. Chem., 35, 431 (1901). 

«Weigert, F.. Ann. Physik, 24, 261 (1907). 

*«Qureshi. M., /. Phys. Chem, 35, 65 6 (1931). 

** Livingston, R., and Schoeld, E. A,, /. Am. Chem. Soc,, 58, 1244 (193 6). 

"Griffith, R. O, and McKcown, A., /. Am. Chem. Sac., 58, 2556 (1936). 

"Koeppe, H., Arch. Kmderkeilk., 89, 26 (1929-30). 

^^Soatmann, H., Strahlentkerapie. 51, 359 (1934); Chem. Ahs, 29, 1012 (1935). 
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PHOTOCHItMISTRV OF THE HaLOOEKS AN» ALKAJU HaLIDES 

The decompo&itfoxi of 0,08 to 1,16 molar solutions of hydrogen iodide in hexane 
by a spark follows Einstein^s law>® At the higher concentration, the quantum yield 
waSi as in the gas phase, two. At lower concentrations, it dropped to one because 
the hydrogen and iodine atoms liberated by absorption may recombine as a result 
of collisions with the solvent molecules which carry off the excess energy. But 
in aqueous solutions, the specific photochemical yield, that is, the number of mole- 
cules decomposed per gram calorie absorbed, decreased with the use of increasing 
wave-lengths. This is contrary to the Einstein law, since at longer wave-lengths 
a constant amotmt of energy is divided between a greater number of smaller 
quanta and should, therefore, bring more molecules into reaction. Furthermore, 
the yields decreased rapidly as the concentrations of the aqueous solutions were 
decreased. In highly concentrated aqueous solutions (7.5 normal) the shortest 
wave-length used (2070A) gave an apparent quantum yield greater than two. 
To explain this it was suggested that an activated hydrogen iodide molecule might 
react with several consecutive normal molecules. Warburg believed also that the 
iodide ion forms no free iodine when irradiated, any production of iodine resulting 
from a decomposition of hydrogen iodide molecules. This explanation is not in 
line with the theory of complete dissociation of strong electrolytes. The anomalous 
effect of the wave-lengths was assumed due to the existence of hydrates of hydrogen 
iodide, since in hexane solutions the behavior was normal with respect to wave- 
length. 

Subsequent to the development of the Franck and Haber theory of the primary 
process of absorption by halogen ions, T(H20)+hv~>l 1114 OIT it became 
evident that tlie low yields in dilute solution may be explained as due to a combi- 
nation of the hydrogen and iodine atoms which result from this process. The 
resulting hydrogen iodide then dissociates into hydrogen ions and iodide ions, the 
former combining with the hydroxyl ion formed in the primary process to yield 
water. In this way the original system present before the absorption of light is 
restored. In higher concentrations, the mechanism of the primary process, con- 
trary to the assumption of Warburg, remains the same. In this case, however, 
there are present so many I-(H 20 ) ions that the hydrogen atoms produced in 
the primary process may collide with the hydrated ions (rather than with iodine 
atoms) to produce a second iodine atom, an hydroxyl ion and a hydrogen mole- 
cule. The two iodine atoms may then combine to form a molecule of iodine. In 
this way, the quantum yields increase with the concentration to a value of about 
two as in the gas phase reaction."*® 

Butkov®® studied the effect of various wave-lengths upon half-normal solu- 
tions of caesium, potassium and sodium iodides, and also upon more dilute solu- 
tions of the latter salt (N/50). He found that spark lines longer than 2700A 
failed to cause liberation of free iodine, this wave-length agreeing with the begin- 
ning of the absorption band of the iodide ion. Various shorter wave-length lines, 
notably the 2573A line, were effective in liberating iodine. In accordance with the 
Franck-Haber mechanism, the solutions in which iodine was liberated became 
more alkaline. The quantum yields in these experiments were, however, lower 
than those of Warburg and Rump in stronger hydrogen iodide solutions. Butkov 

"Warburg, E., and Rump, W., Z. Physik, 47, 305 (1928), 

"Compare Farkaa, A., and Farkas, L., Tram, laraday Soc.. 34, 1120 (1938), They were particu- 
laHy concerned with the separation of hydiogen isotopes, when heavy water was m the solvent 

••Butlcov, K., Z. Physik, 62, 71 (1930). 
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placed the limit for the reaction in bromides, in which the yields of free bromine 
were lower, between 2265 and 23 13 A. He was tinable to detect the liberation of 
chlorine from chlorides, the absorption of the chloride ion being located at wave- 
lengths shorter than IMOA.®^ ^ ? 

Oxidation of Iodides* Earlier observations of the liberation of iodine 
from solutions of potassium iodide were in most cases complicated by photo- 
oxidations, since oxygen was rarely excluded from the solutions.®^ influence 

of oxygen upon the photochemistry of potassium iodide has been shown quanti- 
tatively by Krauss and Bruchhaus,®'* An oxygen-containing solution on irradiation 
gave 4,92 per cent decomposition, but a similar solution previously boiled to remove 
the air, gave only a 0.76 per cent separation of iodine. 

In testing the ability of variously colored glass bottles to protect drugs from 
the action of light, Jermstad and 0stby employed a 2-per cent potassium iodide 
solution to which had been added 4 per cent of dilute sulfuric acid. This was 
exposed in the bottles to be tested for one-half hour to a quartz lamp or for one 
hour to sunlight. A maximum separation of 1.5 mg. of iodine after this time was 
considered permissible. Black, red and all-brown glasses were satisfactory, 
although the latter gave 1.10 mg. of iodine in ultraviolet light or 0.50 mg. in sun- 
light It is difficult to understand which components of the solution can absorb 
the wave-lengths available in such experiments, unless it might he the tri-iodide 
ion. It has been stated that even in darkness, hydrogen ions can catalyze oxida- 
tion to some extent. 

Stobbe and Steinberger found irradiation of alkaline solutions of potassium 
iodide in quartz or Uviol vessels to sunlight or the quartz mercury arc to cause a 
diminution of the alkalinity, probably because of the absorption of carbon dioxide 
from the air. If the solutions were originally but slightly alkaline, irradiation 
produced free iodine and hypoiodide. If the alkalinity wa.s somewhat greater, 
iodate appeared also. In strongly alkaline solutions, the iodate was the only 
product. Jn neutral solutions there was but little reaction, but the addition of 
increasing amounts of carbon dioxide increased the photolysis through a maximum. 
l‘he oxidation of neutral iodide solutions is a bimolccular reaction. The velocity 
coefficient is dependent on the wave-length and intensity of the light absorbed. 
It increases with time until so much tri-iodide ion has formed that the absorption 
of all available radiation is complete. 

According to Berthond and Nicolet,'"’^ the oxidation of hydriodic acid by oxygen 
in red light has a velocity which can be expressed by 

d [I 3 ] 

= k(KI)-(OOVIo(I«') (H.SOO 
at 

Kxteri'sive* data on the absorption of liquid hydrofjfen chloride and concerlti ated hydrochloric acid 
solutions have been jriven by Tr^hin, R., Compi rend., 191, 774 (1930); 193, 1089 (1931); 195, 1269 
(1932), 199, 1047 (1034); 200, 1663 (193 5); /. /’Ayj. Radium, 4, 449 (1933). Pata for a number of 
chlorides are included and indicate that in concentrated {solutions these are ntit as transparent to the 
region 2170 to J500A as had been assumed from measurcmetits on more dilute solutions. Sec also Hut- 
tig, C., and Kxikenthal, H., Z. flektrochem., 34, 14 (1928) and Hantzsch, A., Ber., 59B, 1096 (1926). 
For earlier data, Gctman, F. H., 7. Phys. Chem,. 29, 853 (1925), and Brannigan, P. J, and Mac- 
beth, A. K., Chem, /lbs , 11, 313 (1917). In the presence of free halogen, the absoiption is altered 
because of the formation of trihalogen ions. Similar behavior is also encountered in alcoholic solu- 
tions, according to Job, ‘P., Compt rend,, 182, 632. 1631 (1926). 

'^2 Sttryanarayana, K., 7. Sci. Assoc. Maharajah’s College, Vinanaqaram, 2, 12 (1924); Chem. Abs , 
18. 3548 (1924); Ross, W., 7. Am. Chem. Soc,, 28, 788 (1906); Kailan, A., MonaUh., 34, 1225 (1913); 
Chem. Abs., 8, 14 (1914). 

®*Krau8.s, F., and Bruchhaus, E, Z. anorp. altgem Chem.. 189, 53 (1930); Bni Chem. Abs,, A, 553 
(1930); earlier experiments were due to Plotnikow, J., Z. physik. Chem, 58, 214 (1907). 

Jermstad, A., and 0fitby, O., Arch. Pharm, Chem,, 92, 463 (1935); Chem. Abs., 29, 7599 (1935), 

Stobbe, H., and Steinbcrgei, F, K., Z. anorg, Chem., 161, 21 (1927). 
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In bine Hgrbt* the velocity also increases as the square root of the light intensity* 
The photochemical reaction has a very small temperature coefficient, which Vita 
believes depends in some manner upon the wave-lengrth.®® The influence of 
presence of potassium dichromate and eosin in causing the separation of iodine 
from potassium iodide when illuminated has been studied by Reychler.®® 

The conductance of solutions of sodium iodide or of lithium bromide in aceto- 
phenone, but not of the solvent itself, decreases to a constant value when the 
solutions are exposed to light, and is restored to its former value when the solu- 
tions are returned to darkness.®^ A yellow color also appeared during irradiation. 
These results were conhrmed by JVlorgan, Lammert and Crist, who found also 
that solutions which had reached a constant conductance in glass would show a 
further decrease when placed in quartz vessels. The acetophenone is also decom- 
posed with the formation of some benzoic acid. The quantity of iodine liberated 
from sodiimi iodide under these conditions was independent of the concentration 
of the salt, but depended upon the intensity of the radiation and the time of 
exposure, tiiat is, upon the amount of acetophenone which had been decomposed. 

The oxidation of ferrous ions by iodine, 2Fe'"'^ + was found 
to be photosensitive^- in both the ultraviolet and the visible region of 5500 to 
6500A (maximum at 5800A). Iodine, being present as the tri- iodide ion, was the 
photosenvSitive component of the solution, tlic iron salts or the iodide ion being 
practically inactive in the spectral regions employed. The temperature coefficient 
of the reaction is 1.17. From that of the dark reaction (2.71 ), it appeared that 
the energy of activation, 2.14 volts, was very close to a resonance potential of the 
iodine molecule (2.34 v.). For the wave-length 5790 A, the quantum yield was 
found to be unity, one molecule of iodine reacting per absorbed quantum. Kistia- 
kowsky®^ found this quantum yield given also by the wave-lengths 5460A, 4360 
and 3660A, regions which Rideal and Williams had found ineffective. This 
absence of a maximum sensitivity at 5800A lessens the significance of the rela- 
tion between the energy of activation and a critical potential of iodine noted by 
Rideal and Williams. By working with very dilute solutions at O^C., and using 
light of wave-lengths greater than 5000A which had ])eeii freed from infrared 
rays, Ravitz and Dickinson were able to show that, in the first stages of irradia- 
tion, light caused a reduction of the ferric ion by the iodide lun. 

Mukerji and Dhar®® found the reactions between iodine and such compounds 
as potassium formate, oxalate, ferrous sulfate and sodium nitrite to be accelerated 
principally by light in the range 3160 to 4600A. The quantum yields, calculated 
for 3^0A, were low in the case of potassium oxalate, ferrous sulfate and sodium 
nitrite since for the transformation of each molecule of iodine there were required 


** Berthoud, A., and Nicolet, G., Ilelv Chim. Acta, 10, 475 (1927); van Strachow, N., Z, wiss. 
Phot., 18, 267 (1919); Chem. CentrbL, 90 (111), 309 (1919) 
erVita, N., Gasir. Chim. Jtal, 63, 211 (1933). 

»» For comparisons of the kinetics of the photoxidation of the iodides of hydrogen and deuterium, sec 
Cook, G. A., and Bates, J. R., J- Am. Chem. Soc., 57, 1775 (1935). 

"Reychler. A. t Bull, Soc. 236 0925); Chem. A hs, 20, 545 (192 6). See also 

Winther, C., phystk. them., A174, 41 (1935) and Tappemer, H., Chem. Centr., I, 1793 (1906); 
Arch, klin, med,, W, 478. 

^ Dutoit, Z, Elektrochem., 12, 642 (1906); Nxcollier, Thesis, Lausanne, 1907. 

Morgan, J. L. R., Lammert, 0- M., and Crist, R. H., /. Am. Chem. Soc., 46, 1170 (1924). 

® Rideal, E. K*, ^^7, 258 (1925); for previous observations, 

Sasaki, N., Z. auorg. Chem., 122, 61 (1922). 

«» Klstiakowsky, G. B., J. Am. Chem. Soc., 49, 976 (1927). 

«*RaviU, S. F., and Dickinson, R. G., /. Am. Chem. Soc., 53, 3381 (1931). 

«Mnkerji, H. K., ai^ Dhan N. R., fiteWrwfccm., 31, 621 (1925); Bhattacharya. A. K., and 
jphar, N, R., Z. amrg. ailgem. Chem., 196, 26 (1931), 
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28^ IS and 49 quanta, respectively. In later work, Bhattacharya and Dhar^ 
stated that the quantum yield in the reaction with sodium nitrite varies greatly 
at different temperatures and with different wave-lengths. The dark reaction is 
bimolecular and has a temperature coefficient of 2.7, tihat of the light reactidn 
varying from 2.07 at 4725A to 2.35 at 8S00A. 

According to Batley,®'^ the maxima observed in the absorption of alcoholic 
solutions of iodine at 3600 and 2900 A are due to the formation of Hlg. When 
isolated in the solid form on gelatin, this has a maximum at 3680A. The true 
iodine curve, determined in the presence of ozone which decomposed the hydrogen 
iodides, shows only one maximum at 4770A and general absorption in the far ultra- 
violet. Formation of the hydrogen iodides is attributed to a slow photochemical 
reaction C2H5OH + l2^CH3CHO -f 2HI, followed by an instantaneous reaction 

Terenin®® has studied the photochemical changes which occur in a layer of 
iodine molecules adsorbed on thallium iodide. Light, particularly of wave-length 
5600A, produces a discoloration attributed to photodissociation of adsorbed mole- 
cules. The liberated iodine atoms are then bound by thallium ions. The presence 
of adsorbed hydrogen or oxygen molecules on the surface causes marked shifts 
of the wave-lengths which are active, but nitrogen has no effect. The results arc 
ascribed to photochemical reactions between adsorbed iodine and hydrogen or 
oxygen, with the formation of hydrogen iodide and of iodine oxide. 

Potassium iodate, when irradiated by short wave-lengths in a solution saturated 
with carbon dioxide, liberates iodine at a rate which is linear so long as the amount 
liberated is small compared with the total amount present as iodate.®® In the 
presence of air, the rate of the reaction decreases slowly with time. When the 
solution is kept saturated with oxygen, iodine is not liberated. Carbon dioxide 
greatly increases the rate of photolysis. 

Bromine. Bovis finds bromine in water, carbon tetrachloride, chloro- 
form or alcohol to show two absorption maxima of which one lies at 4100A and 
the other at 2600A. Since only the former is also exhibited by gaseous and by 
liquid bromine, the band at 2600A must be characteristic of bromine in solution. 

Photochemical reaction between bromine and water appears to follow the 
reactions : 

Bu + H 2 O > + Br' -f HOBr 

HOBr + hp > -f Br' -f 1/20* 

The rate decreases with increasing bromidc-ion concentration. 

In light of wave-length 4360A, carbon tetrabromide is oxidized when present 
in concentrations above 0.05 mole per liter. 

2CBr4 -f- O 2 ^ 2COBr2 4* 2Br2 

At lower concentrations, the oxygen consumption is greater. The quantum yield 
is less than one. The reaction is accelerated by oxygen, retarded by bromine and 

Bhattacharya, A. K, and Dhar, N. R., /. Indian Chem, Soc., 7, 709 (1930): Chem. Abs., 2S, 
251 (1931). 

"TBatlcy, A., Trans, Faraday Soc., 24, 438 (1928); cf. also Rabinowitsch, E., and Wood, W. C., Ibid,, 
32, 547 (1936). 

««Terenm, A., Acta Fhysicochim, U.R.S.S., 1, 178, 407 (1934); Chem. Abs.; 29, 685, 7810 (1935). 
Brit, Chem. Abs., A, 943 (1935), 

Mathews, J. H., and Curtis, H. A., J, Phys. Chem., 18, 641 (1914); J. Chem Soc., 106 (ii), 830 
(1914). 

■w Bovis, P., Compt. rend, 185, 57 (1927). 

nPagd, H. A., and Carlson, W. W., J. Phys. Chem., 40, 613 (1936). 
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latisiStcted ty bromophosgeneJ^ The suggested mechanism involves the primary 
removal of a bromine atom, which requires at most SO kcal. The resulting CBrg 
ften reacts with the oxygen. 

Bromine oxide, Br 20 , prepared by the interaction of inerairy oxide and 
bromine in carbon tetrachloride solution, decomposes in light by the following two 
reactions : 

Br^O > Bra + 1/20* 

BraO 4- CD* > COCh + Bra + Ch. 


The maximum rate of decomposition of bromine chloride in the light is four 
times that in the dark. The quantum yield is of the order of a thousand.'^^ 

Chlorine. That sunlight decomposes chlorine water with the formation 
of oxygen and chlorides, or under certain circumstances, of chlorites and 
chlorates, has long been known. The loss of active chlorine in bleaching solu- 
tions in daylight has been found to be after 70 days in filled white glass bottles, 
48 to 61 per cent, in half- filled bottles, 63 to 76 per cent and in half- filled brown 
bottles, 11 to 29 per cent.'^® 

Free hypochlorous acid is said to be less sensitive to light than the sodium 
salt.'^® Sunlight, diffused daylight and the lines at 3130, 3650 and 4360A, 
appeared equally effective.’^'^ Despite repeated and detailed investigations, the 
interpretation of the reaction is not yet entirely clear. Neither hydrogen peroxide 
nor perchloric acid is formed, the only reaction products being hydrochloric acid, 
oxygen and chloric acid. To determine whether chlorine, hypochlorous acid or 
its ion is the photosensitive substance, Allmand and co-workers studied the effects 
on the rate and products formed, of the addition of various salts which might 
shift the equilibrium in the irradiated solutions. From the retarding effects of 
chlorides or hydrochloric acid and the accelerating effects of buffer salts, they 
concluded that hypochlorous acid plays a more important part in the primary 
process than chlorine. The latter could not, however, he excluded, so that it was 
necessary to conclude that there may be two independent primary i)rocesses and 
two reaction mechanisms. In one at least, atomic oxygen was regarded as a pri- 
mary product which, reacting with hypochlorous acid, produced chloric acid. 
When chlorine water was irradiated with a filtered band of mean wave-length 
36S0A, the quantum yield was approximately two. This was greatly decreased by 
the addition of hydrochloric acid fto 0.054 in OO.VTiri). They believed an 
analysis of their data permitted an estimation of the quantum yield of the primary 
process (as distinguished from that of the overall reaction) as approximately 
unity. The temperature c(»efFicient of the overall reaction was given as 1.4 by 
Benrath and Tuchel.^*^ 

The decomposition of sodium hypochlorite in neutral or alkaline solutions by 
wave-lengths in the range 4360-21 30A was found to follow a monomolecular course 


^ Koblitz, W., Meissner, H.> and Schumacher, H. J . Bcr., 70B, 1080 (1937) 

'if* Brenachedc, W , and Schumacher, H J , Z. physik Chrm., 29B, 350 (193 5). 

'>^*Brauer, G., and Victor, E., Z. EUktrochem , 41, 508 (1935) 

‘"'Tuenter, J. P. A., Chem. Weekblad, 32, 429 (1935); Chrm, Abs , 30, 28 (1936); see also, Fowler, 
/, Chffm, Sac., 94, (II), 914 (1908); Klmjsf, A., and SchmiiU, R., Compt, rend,, 192, 1655 (1931) and 
Tjicqtiemaine, R. P., and Doll, J. H., Bull. Soc, Chim., 2, 1669 (193S); Brit Chrm. Abs.. A, 1331 
(1935). 

^Bonnet, L., Bev. gen. mat. color., 39, 29 (1935); Chem. Ab^ , 29, 2312 (1935). 

’^Allmand, A. J., Cunliffc, P. W., and Maddison, R. E. W., /. Ckem Soc , 127, 655, 822 (1925). 
«See, however, Shilov, E. A., and Kupinskaya, G. V., Byull. IvNlTI, 12, No. 6, 39 (1936): Chem. 
AftOb 3288 (1937). 

w Benrath, A., and Tuchel, H., Z. wtss. Phot, 13, 383 (1913). 
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by Lewis.®<^ AUmsmd and Webb®^ found the; proportion of sodium chlorate 
formed (40 to S3 per cent) to be independent of the intensity of illumination, 
hypochlorite concentration (0.08 to 0»01 molar) and of the concentrations of 
chloride, sulfate and free alkali. At higrher dilutions, the yield of chlorate dimin- 
ished. However, the yield of the latter increased with frequency of the light 
The quantum yield was about unity at 3650A, slightly higher, 1.2, at 3 130 A and 
much higher, 4.7, at 2S40A. The addition of electrolytes had an effect opposite 
to that previously noted in the case of hypochlorous acid or chlorine water. Thus, 
sodium chloride increased the quantum yield. 

Chlorine Monoxide. Bowen stated that light (4100-4700A) acting on 
chlorine monoxide in carbon tetrachloride solution caused formation of chlorine 
and oxygen. The quantum efficiency was calculated to be 0.81 to 1.02, on the 
assumption that these were the only products formed. In later work, however, 
Bowen observed that in the gaseous state two molecules of chlorine monoxide were 
decomposed by each absorbed quantum.®^ In the decomposition of chlorine mon* 
oxide in solution chlorine dioxide appears in appreciable amounts in comparison with 
the amount of monoxide decomposed, according to Dickinson and Jeffreys.®^ 
Using a method devised to eliminate the effects of the chlorine dioxide formed, 
they found that in solutions 0.014 to 0.054 molal in chlorine monoxide, the initial 
yield of chlorine dioxide is about 0.35 molecule per quantum absorbed. The 
initial rate of the decomposition of the chlorine monoxide has a quantum yield of 
at least 1.8. In a given run, the amount of the dioxide formed increases less and 
less rapidly with the number of quanta absorbed as the exposure is prolonged. 
This is possibly because the dioxide acts itself as an internal filter and also because 
it is also subject to photochemical decomposition. 

Chlorine Dioxide. The decomposition of chlorine dioxide in carbon 
tetrachloride solutions (0.0.546 to 0.317 molar) by blue and violet light was believed 
by Rowen to have a quantum efficeincy of unity. A repetition of this work by 
methods which also took into account the rapid dark reaction,®'^ clianged this 
value to two when the 4 150 A line was employed. The initial concentrations were 
10.4 to 33.3 millimoles of chlorine dioxide per liter. Filters wxre used to limit 
the light to 4100 to 4200 A. The filters were 30 mm. of a solution of 5.5 per cent 
of cobaltous sulfate (7 H^O) and 8 per cent of ammonium thiocyanate and 30 mm, 
of a solution containing 25 per cent of copper sulfate (5 lUO) and 0.04 per cent 
of quinine sulfate. 

Since this radiation falls in the banded region of the spectrum of gaseous 
chlorine dioxide, it was assumed that activated molecules are formed. These on 
collision with the solvent molecules suffer decomposition l)y one of the following 
schemes : 

CIOc > Cl -f O 2 

CIO. > CIO -f o 

CIO 2 > Cl 4 O + o. 

Lewis, W. C. McC, J. Ckem. Soc., 101, 2371 (1912); Spencer, L., Ibid,, lOS, (1914). 

'‘^Allmand, A. J., and WtW», W. W., Z. physik. Chem , 131, 189 (1928). 

Bowen, K. J., J. Chem, Soc., 123, 1199 (1921). 

‘’•■'Bowen, E. J., /. Chem. Soc , 123, 2330 (1923). 

•^Dickinson, R. G . and Jeffreys, ('. K. P., J. Am. C hem. Sac , 52, 4288 (1930). It had, indeed, been 
observed to form in the gas phase reaction by Kistiakowsky, G. B., and Bodenstein, M., [Z. physik. 
Chem., 115, 371 (1925)J, who believed the amounts small enough not uiterfeie with quantum yield 
measmements. 

Bowen, E. J., J. Chmi, Soc,, 123, 1199 (1923). 

’’’'Nagat, Y., and Goodevc, C. F., Trans. Faraday Soc,, 27, 508 (1931). 

‘’'^Luther, R., and Hoffmann, R., Z. physik, Chem, Bodenstein-Festband, 75S (1931). 
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It wili& believed that both of the two latter modes of decomposition required greater 
tooimts of energy (80-85 kcal. for the second and 119 kcal. for the third) than is 
available at 41S0A (69 kcal). The first reaction is endothermic to the extent of 
only 2 kcal For this reason the proposed mechanism which accounts for the 
yield of two, is 

GO. -f hp > GO.* 

GO/ (4- CCU) > G + O. (’fCG4) -h 67 kcal. 

G + GOa > GflOa -f 56 kcal. 

Bowen and Cheung*^® found the quantum yield to increase from one at 4360A to 
two at 4050 A or shorter wave-lengths. In aqueous solutions, the rate of photo- 
decomposition was found proportional to the light intensity and the quantum 
yields were lower, being 0.2 at 4360 A and unity at 3000 A. Chlorine, chloride ion, 
and chlorate ions were identified. It was suggested that in solution, chlorine 
dioxide undergoes predissociation at lower energy values than it does as a gas. 

In stable solutions prepared by washing the chlorine dioxide solutions with 
weakly alkaline materials, Luther and Hoffmann®® found, after a pre-exposure to 
light, a decomposition to occur in the dark at a rate proportional to the four-thirds 
power of the concentration of chlorine dioxide. They suggested that chlorine 
monoxide liberated during the exposure to light may have induced the dark 
reaction. They also observed that the photolysis in ultraviolet light is a reaction 
of zero order. Spinks and Taube®® find relatively large amounts of chlorine 
hexoxide, chlorine heptoxide and chlorine monoxide to be formed in addition to 
chlorine and oxygen. For a bromine- sensitized decomposition by the line 5460 A, 
the quantum yield is 0.2 to 0,3. 

Chlorates. Oertel found that under the action of ultraviolet rays the alkali 
salts of chlorates, bromates, iodates and periodates in aqueous solution decompose 
into oxygen and halogen quantitatively if the exposure is sufficiently prolonged. 
Only a very small decomposition could be observed in the case of perchlorates. 
The rate of decomposition of bromates was greater than that of iodates and that 
of iodates greater than that of chlorates. Suryanarayana states that neutral 
potassium chlorate and potassium nitrate solutions liberate oxygen on exposure 
to ultraviolet, but that equilibrium is quickly established. Exposure of a mixture 
of potassimti chlorate and iodide with exclusion of oxygen leads to the oxidation 
of the iodide. 

Solid potassium chlorate evolves oxygen when irradiated by radiations of wave- 
lengths shorter than about 2800A.®® The decomposition may also be brought about 
by the impact of 22-volt electrons, but those of lower voltages corresponding with 
2800A could not be shown to be effective. According to Krishnan and Narayana- 
swamy,®^ photodissociation of the crystals shows an anisotropic effect, linearly 
polarized light producing a greater effect when the electric vector is in the plane 
of the chlorate ion than when it is along the normal to this plane, 

Bowen, E. J., and Cheung, W. M., /. Chetn Soc., 1200 (1932). 

Luther, R., and Hoffmann, R., Z. physik. Chetn,, 117 A, 17 (1936). 
w Spinks, J. W. T., and Taube, H.. J. Am. Chem, Soc., 59, 1155 (1937); Can. J, Research, 15B, 499 
(1937); Chem. Abs., 32, 2028 (1938). 

w Oertel, W., Biochem. Z., 60, 480 (1914); J. Chetn. Soc., 106 (n), 321 (1914), 

«* Suryatiarayana, K., I. A^uioc. Maharajah's College, V ieupnagaram, 2, 12 (1924); Chem. Abs 18, 
3548 (1924). 

MeiJer, J, G., and Noyes, W. A., Jr., J. Am. Chem. Soc., 52, 527 (1930). 

Krishnan, K. S., and Narayanaswamy, L. K., Current Sci., 3, 417 (1935); Brit. Chttm. Abs.. A. 

(1935). 
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Mack has stated that chlorates may be electrolytically o^cidkcd to perchlorate 
in an acid soltition in the presence of oxygen activated by ultraviolet rays* 

Fluorine Oxide. This compound absorbs ultraviolet light, but according 
to V. Wartenberg and Klinkott is not decomposed b}/ it. Palmer finds that 
light from a hydrogen discharge tube on passing through a fluorite window into 
air at atmospheric pressure, caused the formation of a film on the outside of the 
window and upon this film a white powder. The film with metallic luster ts soluble 
in alcohol and is probably calcium oxyfiuoride. The powder, which forms more 
rapidly in moist air, is insoluble in water, but soluble in dilute hydrochloric acid. 

Compounds of Nitrocjen 

Ammonia. Pure liquid ammonia begins to absorb at about 2500A, the 
absorption increasing rapidly and being complete at about 23S0A. The absorption 
also increases as the temperature rises, the threshold for absorption changing from 
2320A at —78° to 2580A at 26° C, In aqueous solutions absorption increases with 
concentration, but is always less than that of the same number of ammonia mole- 
cules in the liquid or gaseous state.®® 

No reaction occurs when pure liquid ammonia is exposed to the wave-length 
2300A, although this radiation is capable of causing the decomposition of gaseous 
ammonia.®® Similarly, in water solution, the yield is kept low by recombination in 
triple collisions of the dissociation products H and NH 2 with the solvent molecules. 

Kuhn states that when ultraviolet rays of wfive-lengths 2025 to 2140A fall 
on the compound 2AgCl . 3 NH 3 , the ammonia is decomposed. 

The irradiation of solutions of alkali metals in liquid ammonia causes a reac* 
tion producing the amide ion and hydrogen. The quantum efficiency is a function 
of both the metal concentration and the wave-length. There is a definite long 
wave-length threshold at about 2600A and a maximum quantum efficiency at about 
2300A. The absorption is similar to that of liquid ammonia. In solutions of the 
alkali metals, the metal is almost completely dissociated into positive ions and 
solvated electrons. If the electron collides with the amide radical (produced by 
photodissociation) before the latter recombines with the hydrogen atom, an amide 
ion results and the hydrogen then has a greater opportunity to combine with 
another hydrogen atom. Since the probability that an amide radical will collide 
with electrons increases with the concentration of the latter, the quantum efficiency 
should be expected to increase regularly with the concentration, starting at zero 
and approaching unity asymptotically. This was found to be the case. Since the 
positive ion plays no essential part in the process, the quantum efficiency should 
be independent of the nature of the metal. This was true except for deviations 
encountered with caesium. 

The amides of sodium and potassium show very strong <?ontinuous absorption 
throughout the ultraviolet with a maximum near the long wave-length thresholds 
of 3800-3900A for sodium, and 3950-41 50A for potassium, amide. The absorption 
of light by the electron-ammonia complex, being photochemically inactive, lowers 

•oMack, E. L., /. Phys. Chem,, 21, 238 (1917). 

•®v. Wartenberg, H.. and Klinkott, G., Z. anorg. ailgtm. Chem., 193, 409 (1930). S«c also Gli««- 
man, A., and Schumacher, H. J., Z. physik, Chem., 328 (1934). 
w Palmer, F., Jr„ /. Chem. Physics, 2, 296 (1934). 

Briot, A., and Vodar, B., Cmnpt. rend., 201, 500 (1935). 

R. A., Jr., Leighton, P. A., and Bergstrom, F. W,, J. Am Chem. Soc., 55, 1754 (1933). 
i^oKuhn, W., Compt rend., 177, 956 (1923); Chem. Abs., 18, 789 (1924); J. chim. Pkys., 23, 521 
(1926). 
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tlie QaantutR efl5«:iency and accounts for the final yield being less than unity. 
wtwrk gfavc a direct method of detecting the NH 2 radical as one of the prod^ts of 
the photodissociation of ammonia. From thermal considerations and the absorp- 
tion of the metal amides, it appeared that sodium amide is optically dissociated 
into 4 normal state sodium atom and a normal state amide radical and is, therefore, 
ionically bound, 

Fearon and M’Kenna state that urea is produced by exposing ammonium 
carbonate to rays of wave-lengths 2000 to 2500A. The yield is thought to be 
increased in the presence of malachite green. 

In the presence of oxygen or air, solutions of ammonia are oxidized to nitrites 
when exposed at 35° to 50°C. for three to nine hours to the radiations of a mercury 
arc.^^® Nitrates were not formed. Ammonium salts were also oxidized to nitrites, 
the reaction being slower in the case of the sulfate and cliloride than in that of 
the carbonate. Corbet finds hyponitrous acid to be formed as an intermediary 
product. Gion claimed to have ok^erved the k)rmation of some nitrate in 
ammonia solutions exposed in quartz vessels to the radiations of a mercury arc. 
The oxidation proceeded faster at low'er temperatures. He claimed also that if only 
the oxygen in contact with the ammonia solutions and not the solution itself, were 
irradiated there was oxidation by the ozone formed in the gas. The reaction was 
said to be sensitized by zinc or titanium oxides. 

According to Baur and Renz,^^® ammonia is oxidized to nitrate, and oxalic 
acid to carbon dioxide on illumination when these substances are adsorbed on 
thallous chloride. The latter is itself converted to the photochloride. 

The acceleration of the photochemical oxidation of ammonia by natural or 
artificial humus substances or by various catalysts, such as titanium dioxide, 
alumina or zinc oxide present in soil, has been the subject of many observations, 
particularly by Indian chemists.^®® Afost of these workers believe that ammonium 
salts are converted through nitrites to nitrates by sunlight in soils under the 
influence of sensitizers, but some also believe that various organic nitrogen com- 
pounds, including urea, amino-acids and uric acid, may similarly yield nitrites and 
nitrates. 

Other workers tend to minimize the importance of photochemical processes 
in the soil. Fraps and Sterges found that in a laige group of samples with 
different ammonium salts, on the average 5 per cent of the ammonia was oxidized 
in the sunlight and 41 per cent in the dark. In all cases with corresponding bac- 
terial cultures, those in the dark were oxidized more completely than those in the 
light In sterile soils there was no evidence of nitrification. Nitrites in small 
amounts were found in cultures exposed to light, but little or none in those kept in 

Fearon. W. K., and M’Kenna, C. B., Biockem, 21, 1087 (1927). 

iwKuhn, W„ Compi. rend., 152, 522 (1911). 

Corbet, A. S., Biochem, 28, 1575 (1934); 29, 1086 (193 5); Gion, L., Compt. rend, 196, 344 
(1933). 

MB Gion, L., Compt. rend., 195, 421 (1932). 

100 Baur. E., and Renz, C., Helv. Chtm Acta, 15, 1085 (1932). 

lot Zolcinskx, J.. Race, Nauk Rolnirsych, 10, 311 (1923); Chem. Zentr., 96, I 1123 (1925) 

108 Dtiar, N. R.. Bhaftacharya, A. K, and Biswas, N. N., Soil Sci , 35, 281 (1933); Rao, G. G, 
Soil Sci., 38, 143 (1934); Ohar, N. R., and Tandon, S. P,, 7. Indian Chem. Soc , 13. 180 (1936); Brit. 
Chem. Abs., A, 808 (1936); Sarkana, A. R., and Fazal-Ud-Din, Indian J. Aar. Sci., 3, 1057 (1933); 
5, 195 (1935); Desat, S. V., and Fazal-Ud-Dm. Ibid., 6, 777, 98S (1936); Dh.ar. N, R., and Mukerji, 
S. K„ 7. Indian Chem. Soc., 12, 756 (1936); 13, 23, 535 (1936), Dhar, N. R., Tandon, S P.. anrl 
Mukerji, S. K., Ibid., 12, 67 (1935); Osugi, S., and Aoki. M., J. Set, Soil Mamtie (lapan). 10, 11 
(1936); Chem. Ahs., 30, 3029 (1936). Dnar has summarized his work on the influence of light on 
nitrogen fixation in soils in Proc Natl. Acad. SH. India, 6, Business matters, 3, 289 (1936); Chem 
Abe., 31, 6392, 6393 (1937); see also Dhar. N. R., Mukerji. S. K., Seshacharyulu, E. V., and Tandon, 
S, P.. Prop. Natl. Inst. Sci. India, 3, 75 (^1937); Chem. Ahs., 32* 1840 (1938). 

‘M* Fraps, G. S., and Sterges, A, J., Sod Science, 39, 85 (193 5); Chem. Abs., 29, 4867 (1935). 
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darkness. This was taken to indicate that the nitric orgfanisms are less resistant 
to light than are the nitrous organisms. A few non-sterile cultures of sod treated 
with ammonium salts and exposed to sunlight contained slightly more nitrate and 
nitrite than did the corresponding soils kept in darkness. These small increases 
were, however, attributed to diilerences in bacterial activity rather than to photo- 
nitrification. These authors did not regard their work as eliminating the possi^ 
bility of photonitrification, but thought that photonitrification has a relatively slight 
effect upon soil processes.^ 

Nitrites. Sodium nitrile absorbs between 3000 and 4000A,^’^ In 2-per cent 
aqueous solution in a glass cell, the nitrite almost completely absorbs the 3660A 
line. Although Berthelot and Gaudechon^^^ had claimed nitrogen to be evolved 
as a result of the insolation of ammonium nitrite, Holmes was unable to 
detect any loss of nitrite from a 2.SN solution of ammonium nitrite exposed in a 
quartz vessel for six hours to a 110-volt quartz mercury arc at a distance of 
8-16 cm. 

Nitrous acid can, however, be decomposed. Mukerji and Dhar found the 
velocity coefficients in both the light and dark reactions 

3HNO, > HNO» 4- 2NO 4- H«0 

to increase slowly with increasing concentrations of nitrous acid. The velocity 
was markedly accelerated by light, especially when closed vessels were used. Also, 
the velocity is proportional to the cube root of the light intensity, according to 
Murty and Dhar,^^® who employed the wave-lengths 4725, 5650, 7304 and 8500A. 
The temperature coefficient is less than unity and the Einstein law docs not apply. 

The influence of light upon the reaction between iodine and potassium nitrite 
has been studied by Berthoud and Berger.^^® The overall reaction is KN02 4'l2 

i HoO > KNC )3 4-2HI. In blue light the temperature coefficient is 1.30 

between 35° and 45 °C. The quantum yield is low, 22 quanta being rc(iuired to 
cause one inolccitle of iodine to react in a solution containing 0.1 mole of potas- 
sium iodide and 1 mole of nitrite.^^^ In the case of sodium nitrite, the quantum 
yield varies from 0.005 to 0.1 in phosphate buffers. The yield is independent of 
the pH, initial concentration of iodine, and rate of absorption of energy (4360A, 
5460A, 5790A), but depends on the wave-length, temperature and concentrations 
of nitrite and iodine atoms. Also, the quantum yield decreases with increasing 
ionic strength.^^® 

Nitrates. The absorption of light by the nitrate ion has been much 
studied.^^® It consists of two broad bands with maxima at 3100 and at about 

See also Corbet, A. S., Trans. Third Intern, Congress Soil Set., Oxford, 1, 133 (1935); Waksman, 
S. A., Madhok, M. R., and Hollacnder, A, Sod Sci., 44, 441 (1937); CW. Ahs., 32, 1376, 2670 
(1938); Nath, B. V., Set Repts, Imp. Agr. Research Inst. New Delhi, 98 (1937); C hem. Abs., 32* 4265 
(1938); Joshi, N. V , and Biswas, S. C , 7>ans Third Intern. Congr. Soil Sti., Oxford, 3, 104 (1935); 
Chem. Abs„ 32, 5567 (1938). 

Weber, K., Chem. Ztg., 56, 642 (1932); Phot. Korr., 66, 317 (1930). 

Berthelot, D., and Gaudechon, IT., Compt. rend., 152, 522 (1911), 

Holmes, M., J. Chem. Soc , 1898 (1926). 

^^^Mukerji, B. K., and Dhar, N. R,, Z. Elcktrochcm., 31, 255 (1925). 

^ Murty, K. S , and Dhar, N. R., J. Indian Chem. Soc., 7, 985 (1930)’, ( hem. Abs., 25, 2921 (1931). 

1*10 Berthoud, A., and Berger, W. E., Helv. Chim, Acta, 11, 354 (1928); /. chim. phys., 2S, 542 (1928). 

Tt was pointed out that previous work by Mukerji, B., and Dhar, N., fZ, Elektrochem., 31, 621 
(1925)3 was in error because of the ut»c of an Unsuitable analytical method. 

Durrant, G. (X, Griffith, R. O, and McKeown, A., Trans. Faraday Soc , 34, 389 (1938). 

i‘*Scheibe, G., Ber., 59, 2616 (1926); Morton. U. A„ and Riding, K. W., Proc. Roy. Soc.. 113A. 
717 (1927^ von llalban, and Eisenbnmd, J., Z. Phgt., 25, 149 U928); Ley, IT., and Volljcrt, 
F., Ibid., 23, 41 (1925); Z. phystk. Cfu^m., 130, 308 (1927); Keckhout, J., Naturw. I'isdsckr., 17, 
72 (1935). 
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WGdAp $€parated by a minimum at about 2600A. Krisbnan and Guha attribute 
tti^ Imiger wave-length maximum to dissociation into nitrite ion and an oxygen 
kt<m and the second band to a similar dissociation producing an excited oxygen 
atom. |l!orton and Riding found that at concentrations greater than 0.02SA^, 
Beer^s law fails, the band shifting in the direction of higher extinction coefficients, 
due to a superposed band which alone is present when very concentrated solutions 
ate employed. Hantzsch and others have found that in concentrated nitric acid 
or in dilute solutions of nitric acid or alkyl nitrates in ether the band at 3100A is 
replaced by one at 2700A. This has been said to represent the absorption of a 
‘^pseudo^acid^* form of nitric acid.^^^ 

Baudisch and Mayer observed that when aqueous solutions of potassium 
nitrate are exposed in a flat dish to the rays of a mercury lamp, oxygen is liber- 
ated, a blue coloration from starch and potassium iodide being produced in five to 
ten seconds. The interposition of a glass plate delays the change for twenty 
minutes. Warburg tnade the first liquid-phase quantum yield determinations 
of the change of nitrates to nitrites. Since he observed that the photolysis proceeds 
much more rapidly in slightly alkaline than in neutral or in acid solutions, he 
employed solutions 0.00033 molar in sodium hydroxide. (This effect of pH was 
less apparent when more concentrated nitrate solutions were used.) In 0.33 molar 
potassium nitrate solutions the values of the quantum yield were 0.25 at 2070A, 
0.17 at 2S30A and 0.024 at 2820A. That the yields were low he explained by 
assuming that the efficiency of the dissociation is in some manner affected by the 
solvent. The fact that the yield decreases with increasing wave-length is readily 
interpreted by assuming that dissociation by larger quanta endows the dissociation 
products with sufficient kinetic energy to enable them more effectively to resist 
the imprisoning effect of surrounding solvent molecules which would tend to lower 
the quantum yields by inducing a recombination, Warburg also observed that for 
a given wave-length the quantum yield decreases with the concentration of the 
nitrate. 

Anderson, however, attempted to account for the low yields on the assump- 
tion ttet a reverse reaction may also occur, a “steady state’' being reached when 
only a small portion of the nitrate had been decomposed. He supported this with 
the statement that the addition of small quantities of potassium nitrite partly or 
completely inhibited the photolysis of the nitrate Villars and also Vogels 
found no evidence for the existence of a “steady wState" in this reaction. The 
decomposition maintains a linear rate for at least 480 minutes. Warburg calcu- 
lated on the basis of the then available thermochemical data that the energy 
required to split an oxygen atom from the nitrate ion corresponds to a wave- 
length between 2800 and 3150A. The obvservations of Villars and of Warburg 
(Figure 114) indicate, however, that the drop in quantum yield occurs at a wave- 
length corresponding to a quantum much larger than that just required to effect the 

woKrishnan, K. S., and Guha. A, C., Current Sci,, 2, 476 (1934); Chem. Abs„ 28, 6370 (1934); 
Proc. Mian Acad. Sci., lA, 242 (1934); Chem. Ahs., 29, 1326 (193.5). 

^ Sec also Sicgler-Soru, E., Compt. tend,, 183, 1038 (1926). For absorption of the crystals, see 
Rodloff, G., Z. Physik., 91, 511 (1934). 

’^Baudisch, O., and Mayer, E., Ber., 45, 1771 (1912); Baudisch, O, and Benford, F., Naturtvtss., 
24, 361 (1936). 

Warburg, E., Site. Preuss. Akad. IViss. Math. phys. Klasse, 1228 (1918); Chem. Ahs., 14, 1930 
(1920); Z, Elektrachem., 25, 334 (1919). 
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^ Vogela, H., Bull. sci. acad. ray. Belg., 22, 320 (1936); Chem, Abs., 30, 6650 (1936); Brit. Chem. 
dbs.. A, 657 (1936). 



INORGANIC REACTIONS IN LIQUIDS 


353 


decomposition. The explanation is probably to be found in the detailed mechanism 
of the recombination processes which occur in aqueous solution. Villars had diiB'- 
culty in accounting for the fact that measurable quantum yields could be obtained 
by the use of the wave-length 3350A, which he believed Aot to possess the requisite 
energy for dissociation. This difficulty has been removed by a more accurate 
knowledge of the heat of dissociation of oxygen, which makes the' present value 
of the energy required for the decomposition correspond to about 3 500 A. Villars 
also made^nore precise the data on the effect of pH. In either polychromatic or 
monochromatic light of 2537A the rates of decomposition increased at pH values 
slightly above 9 to maxima between 9 and 10, followed by relatively slight decreases 
at higher pH values. Vogels observed that the pH falls during photolysis, and 
that the rate may be accelerated by tartrates or, after a delay, by manganous salts. 



Figure 114. Quantum Plfficiency of Monochromatic Light Absorbed by M. KNOe. 
o = 0 X 10 (buffered, pH 9.9). A = ^ X 10^ (unbuffered, pH 5.8). □ = ^ X 10 
(Warburg, KNOa 0.33 M, NaOH 0.0003M) where == moles transform^ per quan- 
tum absorbed (Villars, Jourml American Chemical Society), 


Cultrera finds that with mercury lamp irradiation, the reduction of nitrates 
may proceed to the formation of ammonia. 

The decomposition of nitrate crystals appears to be confined to a surface layer 
not more than 20/jl thick. At greater depths, recombination appears to be com- 
plete, since the oxygen cannot escape. Polarized rays wdth vibrations along the 
normal to the plane of the nitrate ions are much less effective than those with 
vibrations in the plane of the ions. In crystals, the wave-length threshold is much 
shorter, 2500A.^2^ 

Mercury nitrate also undergoes a photochemical change in aqueous solution, 
the sensitivity of the nitrate being increased by addition of alcohol or glycerol.’^^ 
Fazal-ud-Din has stated that the reduction of solutions of a number of nitrates 

wNote also Hymas, F, C., J. Soc. Chem Ind . 50, 193T (1931) 

Cultrera, R , Gasrg. chim. ital , 66, 440 (193b); Chem, Abs., 31, 3389 (1937); Ann. stast, sper, agrar, 
Modena. 5, 163, 175 (1936); Chem. Abs., 32, 3266 (1938). 

Krishnan, K. S., and Narayanaswamy, L. K., Current Set., 3, 417 (1935); Brit. Chem, Abs., A, 
682 (1935); Trans. Faraday Soc., 31, 1411 (1935). 

i»®Shbiv«c, S., and Nicobc, D., Bull. sac. chim. roy. Yougoslav, 6, 159 (1936); Chem, Abs., 30, 
4761 (1936); cf. Mudfovcic, M., Bull, soc, chtm roy. Yougoslav., 7, 41 (1936). 

Pazal-ud-Din, Indiem /. Agr. Set,, 6, 844 (1936); Chem. Abs., 30, 8493 (1936) ; see also Rao, C, G., 
and Murty, K. S., Proc. Natl. Inst. Set. India, 3, 133 (1937); Chem. Abs., 32, 2028 (1938). 
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(1 per cc,) ean be brought about by sunlight although ultraviolet is more 
d0fW:ive* ^ This is in line with the data of Villars, Decomposition is said to be 
increased by the presence of reduced nickel or carbohydrates, but not to occur in 
the presence of asinc oxide. 

The oxides N 2 OB, TeOg and MoOg exhibit two regions of continuous absorp- 
tion separated by a band of transmitted radiation.^^^ The first band, in each case, 
18 interpreted as resulting from the separation of an oxygen atom in the state 
from the molecule, and the second as resulting from the separation of^n oxygen 
atom in the metastable state. From the absorption of N 2 O 5 the heat of dissocia- 
tion of oxygen could be calculated to be 128 kcal, not far from the correct value 
of 117 kcal 

Other Nitrogen Compounds. That commercial sodium cyanide made from 
calcium cyanamide develops color in light and bleaches in darkness is attributed 
by Buchanan and Barsky to a reversible photochemical reaction between cyana- 
mide and a ferrocyanide, the latter being a contaminant. 

Crystalline sodium azide is decomposed by wave-lengths below 4050A, the rate 
being directly proportional to the intensity.^^'^ The threshold for decomposition by 
bombardment with electrons lies at 11.65 volts. Obviously, no relation between 
these two thresholds is apparent. 

Murarour obtained only negative results in studying the effects of ultra- 
violet light, the alpha- rays from polonium, and x-rays on nitrogen iodide, picric 
acid, lead picrate, trinitrotoluene, nitrocellulose, nitroglycerin and .n'm.-diethyl- 
diphenylurea.^^^ 

Compounds of Sulfur 

Exposure of a quartz reaction vessel containing sulfur, water and air to ultra- 
violet radiation results in the formation of various oxygen acids of sulfur. Dubrisay 
and Pallu believe pentathionic acid to be the first product formed ; this then 
slowly undergoes decomposition yielding sulfuric acid, sulfurous acid, sulfur and 
hydrogen sulfide. 

The photochemical reaction between yellow arsenic and sulfur dissolved in 
carbon disulfide results in the formation of insoluble sulfides whose properties 
differ from those of known sulfides or of a mixture of the clemcnts.^^® 

By irradiating mixtures of carbon disulfide and car])on tetrachloride in a Vita- 
. glass .screened mercury vapor lamp, Doran and Gillam obtained a polymer of 
carbon monosulfide as a reddish-brown solid. Nicholes, Simmons and Crock- 
ford, state that carbon disulfide is not decomposed by the 3660 A line, but that 
the 2S37A line, or a mercury arc in Pyrex leads to the formation of decomposition 
products including (CS)^., and a yellowish-brown solid 

Sulfur dichloride absorbs strongly all wave-lengths shorter than 6200A. The 

lasDutta, A. K., and Gupta, P. K., Proc. Roy, Soc., 139A, 397 (1933). 
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’^Dubriaay, R., and Pallu, R., Compt, rend., 193, 339 (1931). Scr also Calcagni, G., Gass. chim. 
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lOlt 104 (1925); /. Phys. Radium, 6, 287 (1925). 
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monocMoride shows a strottg maximtim at 2660A.^*^ The photochemical reaction 
between sulfur monochloride and chlorine has an induction period which may be 
lessened by substituting sunlight for diffused daylight. The rate of reaction is 
also greater in sunlight. The reaction may be catalyzed by antimony penta- 
chloride*^^^ Sulfur dichloride is one of the final products of the dissociation of 
sulfur monochloride by the action of light, S3CI4 being an intermediate product.^^^ 
When sulfur dichloride is heated or irradiated it undergoes changes in density, 
the course being that of a first order reaction. The velocity of reversion after 
irradiation is higher than after displacement by heat, probably because of the 
formation of a catalyst by the action of light. 

Hydrogen Sulfide. Solutions of hydrogen sulfide in water and hexane 
have, according to Ley and Arends,^**® practically the same absorption cuiWe, the 
maximum, at 1890A, being attributed to undissociated molecules. Absorption at 
2270A in aqueous solutions was attributed to the HS' ion. Warburg and Rump 
found differences in the absorption curves in /these solvents. Warburg found that 
in hexane the quantum yield for decomposition of hydrogen sulfide is 0.97 at 
2070A, 0.95 at 2220A and 0.96 at 2530A, the concentrations being 0.251, 0.1355 
and 0.0452 molar. In aqueous solutions, however, the values were much lower, 
being 0.43 at 2070A for 0.015 and 0.32 for 0,0369 molar solutions. At 2220A, the 
yield was 0,32 and at 2530A 0,22. Warburg pointed out that the difference might 
be due to the fact that hydrogen sulfide does not react with hexane but does react 
with water. He believed it possible to apply the Einstein law to solutions in which 
there is no interaction between photolyte and solvent but not to those in which 
there is such an interaction. An analysis from the standpoint of the influence 
which might he exerted by hydrated or solvated ions upon the recombination 
processes subsequent to the primary process does not seem to have been made 
as yet. 

Sulfites. Albu and Goldfinger have studied the absorption of the sulfite 
ion on the basis of the Franck-ilaber theory of the electromaifinity spectrum of 
ions. Within the range 5000 to 19S0A the absorption spectrum depends only upon 
the pH and concentration of the solutions, and not on their age or method of prepa- 
ration, provided autoxidation is prevented. The ab.sorplion of dissolved uiidissoci- 
aled sulfur dioxide can be observed at pH 4 or lower. Absorption begins at 3270A 
and has a maximum at 2800A. The spectrum of the sulfite ion SOg", a structure- 
less electron-affinity spectrum, may be observed in solutions of pH greater than 6. 
The sulfite ion spectrum has a long wave-length limit of 2660A and corresponds 
to the process SOg-CHsO) 4 /o. SCV + 11 + OH". The Franck- Haber 
theory predicts that the corresponding electron- affinity spectrum of the bisulfite ion 
should be 1.5 to 2 e-volts to the short wave-length side of that of the sulfite ion. 
In agreement with this prediction, there was found to be no absorption by the 
bisulfite ion at wave-lengths greater than 2250A. The long wave-length limits 
of the absorption by the S208“ and ions are 2700 and 2600A, respectively. 

No absorption by the sulfate ion could be detected. Haber and Wansbrough- 

Lowry, T. M., and jessop, G., J, Chem. Soc,, 1421 (192i>); Lorene, L., and Samuel, R., Z. physik, 
Chem, 14B, 219 (1931). 
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liave studied the phot<^chexttical reaction which (in the absence of oxyfen) 
occitrs subsequent to the primary process postulated above. As secondary reac** 
tians there might be expected a combination of the hydrogen atoms to molecular 
hydrogen and a combination of two SOg^ ions into a dithionate ion ITie 

quantum yields were, however, very small for the formation of dithionate ions, 
being about 0.07 at pH 9 and decreasing at greater alkalinities. Instead, the 
majority of the SOz" ions formed in the primary process combine with hydrogen 
atoms to form bisulfite ions. 

In the presence of air, ultraviolet (2300-2800A) accelerates the thermal oxida- 
tion of sodium sulfite. A 02N solution of sodium sulfite is completely oxidized 
in light in about three hours. A particularly interesting feature is the inhibiting 
effect of small quantities of various substances. According to Mathews and 
Dewey pyridine strongly inhibited the process when present in the concen- 
tration of 5 cc. per liter. Methyl and ethyl acetate had a much weaker effect. 
Five drops of benzaldehyde per liter strongly iidiibited the reaction but the same 
amount of glycerol produced only a slight effect. Urea had no effect. Hydro- 
quinone and phenol were effective hut not as much so as (luinine sulfate. Sucrose 
(0*025iV') produced less inhibition than did phenol 

Backstrom reported a series of investigations on the behavior of inhiln'tors, 
particularly alcohols, which did much to explain the nature of the photochemical 
oxidation and of the thermal one as well. It was shown that the photochemical 
process is a chain reaction, the quantum yields in the absence of inhibitors corre- 
sponding to an uptake of about 50,000 molecules of oxygen per quantum absorbed. 
Since in general, the inhibitors of the photochemical reaction cilso inhibited the 
thermal one, it followed that the latter was a chain reaction as well. The role of 
the inhibitor in both cases consists in the breaking of chains, probably by an 
induced reaction between the inhibitor and one of the reactants. Attention was 
devoted to the mechanism of the inhibition and to the length of the chains when 
broken rather than to the nature of the chains, since the work was done before 
the theory of the electron affinity spectrum had been developed. 

The rates of the light and dark reactions could be rej)resented by the formulas: 


Flight — kaZ'iiKTk 


and Fdark^ 




kC + ks 


in which ^2 ^^d are constants applicable to all alcohols as inhibitors, k is a 
specific constant for each inhibitor and C is the concentration of the inhibitor. 
The form of the equations suggested that the presence of the alcohols did not 
affect the rate of starting the chains so that the inhibitors function solely by 
breaking the chains. The constant feo indicates that some chains may be broken 
by processes independent of the presence of added inhibitor. Tn the case of the 
thermal reaction it was shown that the alcohols were oxidized in breaking the 
chains. The amount of oxidation of alcohols could be determined by colorimetric 
measurements of the aldehydes and ketones produced. At low inhibitor concentra- 
tions the amount of alcohol oxidized increases with increasing alcohol concen- 

Haber, F.. and Wansbrough-Joties. O. H , phystk Chem,, 18B, 103 (1932), 

Mathews, J. H-, and Dewey, L H, Eighth Intern. C ongr. Appl. Chem , Sect. IX, Ong. Comm.. 
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Mathews, J H., and Mason, R. B., J. Pkys. Chem., 30, 414 (1926) later enoneoubly stated the 
phenols to act as positive catalysts. 
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tratlon. At high itihihitor concentrations the amotmt of al<iohol oxidised pet unit 
time is constant, and independent of concentration, in either the thermal or photo- 
chemical oxidation. Over a considerable range of high inhibitor (isopropyl alcohol) 
concentrations, the product of the rate of sulfite oxidatidn and inhibitor remained 
constant, and the ratio between this product and the amount of acetone formed was 
the same, 74 to 77, in the thermal and in the photochemical oxidations. From this 
it followed that in a solution of a given composition the chain length is the same 
whether the chains are formed theniially or photochemically. 

A solution QAM with respect to benzyl alcohol gave a quantum yield of 64 
molecules of oxygen or 128 of sulfite reacting per quantum. From the amount of 
acetone formed it was determined that the number of molecules of sulfite oxidized 
for each molecule of alcohol oxidized was 58, of the same order of magnitude. 
This indicates that in the process of breaking a reaction chain, 2.2 molecules of 
the alcohol are oxidized. In other words, the induced oxidation of benzyl alcohol 
has a quantum yield of 2.2. It was later found, by Backstrom that H^ht intensity 
enters into the rate equation as approximately the half power, both in the numera- 
tor and in an additional term in the denominator. The reaction had a pH depen- 
dence which suggested that both sulfite and bisulfite ions must be concerned in the 
mechanism. When oxidation occurs, the primary probably forms an inter- 
mediary SO^ ion which dehydrogenates the bisulfite ion, present at the effective 
pH, producing a sulfate ion and reforming the SO' ion which can again be 

oxidized. The inhibiting action of the alcohol is due to its induced oxidation, 
probably by the assumed SO- ion. 

Allmand and Maddison believed that light of ordinary wave-lengths ha.s 
no effect on the rate of oxidation of sodium sulfite in solution. Titoff found 
that copper sulfate is without effect upon the ultraviolet reaction, but catalyzes 
the reaction in ordinary light. Franck and Haber postulate that the effect of 
the copper ion is to start the thermal reaction by forming the ion SO; the same 
ion as that later found by Backstrom to be the primary product in the photo- 
reaction. 

Persulfates. That aqueous solutions of potas.sium persulfate are light- 
sensitive was demonstrated by Dhar and Elhs and Neher.^®® 

In a series of investigations, Morgan and Crist found that the reaction 
could be expressed by the equation : 


+ H 2 O > 2KHSO. -f 1/20* 

In very dilute solutions, the order of reaction was unimolecular, as is the thermal 
reaction which occurs at higher temperatures. In concentrated solutions which 
absorbed all the light, the reaction was of zero order. Increasing the oxygen 

Backstrom, H., 7. phyuk, Chem., 25B, 122 (1934). 

AUmand, A. J , and Maddison, R. E, W., J, Chem. Soc., 6^0 (1927). 

A., 7. ph\sik. Chem , 45, 641 (1903) 

Franck, J., and Haber, F., Sitffber, Preuss. Akad. Wiss., 250 (1931); see also Albu, H. W., and 
von Sebweinitz, H. D., Ber,, 65B, 729 (1932). 

There have from time to time been efforts to employ ultraviolet lijfbt in the preparation of sulfuric 
acid. Kuhne, H., French P. 393.461, 1908; J Soc. Chem. Ind., 28, 90 (1909); British P. 17,520, 1908; 
/. Soe, Chem. Ind., 28, 982 (1909). German P. 203,541; Chmura, T., Chem. Age. 13, 327,307 (1925); 
British P. 237,257; de Sotto, G. E., British P. 265,857, July 20, 1926. No pTactical applications have 
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cco^iiejHtratioa <Jid not reverse the reaction. Hydrogen and nitrogen appeared to 
eachiWt an accelerating effect r*otassinm persulfate absorbs only wave-len^ns 
shorter than about ?500A in a OMM solution and 300()A in a 0,1M solution. 
The upper limit of the radiations effective in producing the decomposition was 
probably at about 2900A and the maximum sensitivity at about 2300A. The 
reaction was proportional to the light intensity, and the temperature coefBci^t 
was 1.18, compared with about 3 for the thermal reaction. The rate of reaction 
was retarded by the addition of potassium hydroxide, potassium sulfate or sulfuric 
acid. The retardation was not due to internal filtering, was hyperbolic and seemed 
to be of the same general nature in the presence of various added electrolytes. 
The quantum efficiency was unity in 0.05 molar neutral or alkaline solutions, the 
wave-lengths used being 2540, 2650 and 3020A.^^^^ In acid solutions the values 
of tlie quantum yield are somewhat reduced. Solid potassium persulfate is also 
decomposed by ultraviolet light. 

Marmier has reported that decomposition of aqueous solutions of sodium 
thiosulfate results in the fonnation of sulfur and hydrosulfite. The latter was 
rapidly decomposed by ultraviolet and after an exposure of 75 minutes under the 
conditions of observation no traces remained. 

Ammanium Thiocyanate. Holmes observed that freshly prepared con- 
centrated solutions of ammonium thiocyanate exposed to ultraviolet light in glass 
containers evolved a gas and developed a reddish color which soon faded. In 
quartz containers, sulfur separated from the solution, Werner and Bailey 
suggested that the photoreaction involved only the production of ammonia and 
thiocyanic acid, the color being due to traces of iron as impurity. This theory 
was corroborated by Patten and Smith.i®^ According to these investigators, 
light accelerates oxidation of the iron so that the latter can react with the thio- 
cyanate. Wave-lengths less than 5400A produced the coloration, those between 
4000 and 4300A being the most effective. Sharma considered the color to be 
due to a loose additive complex of ferrous thiocyanate with oxygen. 

Shorter wave-lengths (3000- 1850 A) can decompose thiocyanates of ammonium, 
sodium or potassium wdth liberation of sulfur, acccjrding to Jablczynski and 
Jablczynska.^®'^ The reaction is believed to be reversed in the dark. 

The velocity of solution of amorphous selenium is increased by light but that 
of nionoclinic selenium i.s not affected.^®® 


Arsenic and Antimony Compounds 

An account of the investigations on the source of the glow of arsenic at high 
temperatures is beyond the scope of this work.^®‘‘^ Lead arsenite is photosensitive. 
Wlien dried in an air-bath in the dark, it remains white, but when exposed to light 
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it tuins brown. Mixed with gelatin and applied to paper and dried in the dark> 
it can be used in photography, developing warm sepia tones when exposed under 
a negative. Not all samples of lead arsenite possess this property. No other 
metallic arsenites are light-sensitive,^^^ ^ , 

Detailed determinations have been made by Weigel of the absorption of 
light and the electrical conductivity of realgar when the crystal is exposed to light 
of various wave-lengths. Fragments of realgar exposed to direct sunlight for 112 
hours behind sheets of glass of various colors showed the greatest change with a 
green glass of maximum transparency near 520/i,. 

Solutions of antimony oxide in hydrochloric or tartaric acids and of antimony 
trichloride in saturated sodium chloride solution in ordinary glass vessels are 
photochemically oxidizable by sunlight.^'^^ Light of shorter wave-length is required 
in the case of solutions of antimony trioxide or of tartar emetic in sulfuric acid, 
or of antimony trichloride in carbon tetrachloride and in saturated calcium 
chloride solution. The amount of oxidation depends on the kind of solution wave- 
length and intensity of the radiation and concentrations of antimony and of oxygen. 
In carbon disulfide, white phosphorus is converted by light into red phosphorus, 
a dissociation and recombination being involved.'^'^® 

When boron hydride, B 4 Hto, is kept over mercury at room temperature, it 
slowly undergoes decomposition with the formation of the hydride, The 

decomposition is accelerated greatly by ultraviolet rays, but not by sunlight.^'^^ 

Metals and Salts 

Under the influence of light, copper combines with chlorine but not with 
bromine or iodine; with oxygen, but not with sulfur; with, water, hut not with 
hydrogen sulfide; with ammonia, but not with phosphine or arsine. Aqueous 
solutions of the chlorides or sulfates of gold, silver, uranium, copper, nickel, 
chromium and cobalt were reported by Berthelot and Gaudechon to be unaffected 
by ultraviolet radiation. The sulfates of nickel and cobalt gave a slight brown 
precipitate, attributed to the presence of traces of iron. Solutions of ferrous sul- 
fate gave a precipitate of the basic salt. Pure ferric sulfate did not give a pre- 
cipitate but in the presence of nickel or cobalt sulfate precipitated the basic salt. 
Urbain and Seal stated that the pasasge of rays (from an arc) through tetra- 
chlorides of titanium, tin, or carbon, caused a marked decomposition, chlorine 
being liberated. 

A method of depositing metals has been advocated by Jacquier.^'*^® The process 
comprises precipitating metals from solutions of their salts by treatment with ultra- 
violet rays in the presence of aluminum. Mercury vapor lamps are suspended 
between aluminum plates in the tank containing the solution to be treated. 

Light is believed to facilitate the reduction of some metallic oxides. Actinic 
rays are said to promote the interaction of oxygenated compounds (e.g., cal- 
cium phosphate), barytes or bauxite with chlorine in the presence of a reducing 

Reissaus, G. C., Z, angew. Chem., 44, 959 (193J)* 

Weigel, O., Tech. Min. Petr Mitt., 38, 288 (1925); Chem. Abs., 20, 3268 (1926) 
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agtot such as carbon. At temperatures between 200° and 1000°C., inorganic halides 
ate said to be secttred.^^® 

The yellow amorphous modification of indium Oxide is sensitive to light when 
in the presence of some reducing agents as benzaldehyde. The color of the oxide 
changes from gray to dark gray or black. Also, some reduction products are 
formed. Selenium oxide is not sensitive under the same conditions.^®^ 

Krauss and Gerlach found tliat the preparation of iridium halides by the 
action of the halogens upon iridium or its hydroxide could be hastened by the 
action of light. 

Hibbcn observed that some large crystals of magnesia became tinted a deep 
purple on exposure to the 2537A line. On removal from the light, spontaneous 
decolorization occurred in several weeks at 25 ®C., or in three minutes at 1000°C. 
It was accompanied by emission of light throughout the visible spectrum* The 
first effect was ascribed to a type of electron migration, and the later effects to a 
recombination. It may be related to the presence of impurities since not all crystals 
behave alike. The 4358 A line decolorized the purple crystals in thirty minutes.^®® 
Light from a carbon arc accelerates the rate of evolution of hydrogen from 
dilute sodium and potassium amalgams in water.^®^ 

Iron Salts. That ferrous hydroxide and sulfate are more rapidly oxidized 
in light than in darkness was first made known by Chastaing.^®® The ferrous ion 
when irradiated with wave-lengths shorter than 2000A, is oxidized to ferric ion 
and hydrogen is evolved. 

-f HOH -f hv ^ +11 + OH" 

The quantum yield in aqueous solution is 0.05. The primary process is followed 
by a combination of two hydrogen atoms, which occurs in competition with the 
reverse reaction. The activation energy of the latter is 7 kcal.^®® 

The color of hydrochloric acid solutions of ferric chloride increases on exposure 
to sunlight or other sources of intense light.*^®’^ On removal from the light, the 
.solutions slowly return to their original condition. Increased light absorption 
also results from heating a solution of ferric chloride. A crystal of ferric chloride 
shows, in addition to general absorption starting at 5000 A, a sharp band at 6200 A, 
from 50 to lOOA in width.^®® 

In alcoholic solution, ferric chloride is readily bleached in light by reduction 
to the ferrous salt, a reaction discovered by Bestuebeff in 1725.^®^ The reaction 
is best conducted in the presence of organic substances, either as solvent or added 
to the solution, or bound in complex form to the iron, since these organic com- 
pounds can be oxidized by or react with the chlorine liberated in the photochemical 
decomposition. A wide variety of organic reducing agents have been studied, 

i'"* British P. 302,927, Dec. 22, 1927, to Naamlooze Vennootschap Elektrochcmische Industrie; Chenx. 
Ahs., 23, 4304 (1929). 
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iacludinir paper, glycer<4^ atid many acids. It was as a result of the study of this 
reaction that Grotthuss evolved the law which bears his nanie,^®^ Winther^®^ 
found that aqueous solutions of ferric chloride, when free from organic matter, 
undergo only a very slight reaction. Puxeddo reported that the reacti<m^ In 
absolute ether follows a monomolecufar course. At the end of reaction, the ether 
was partially chlorinated. 

Prasad and Sohoni studied the influence of temperature, light intensity, 
Water and neutral salts on the decomposition of ferric chloride in alcoholic solu- 
tion. The temperature coefficient is 1.0 to 1.1 S. In anhydrous solution a steady 
state is apparently reached, the reaction being reversible. Small amounts of w^tcr 
increase the initial rate of the reaction but seem to decrease the total amount of 
reduction. Minute quantities of the chlorides of magnesium or the alkalies are 
strongly inhibiting. Variations of light intensity have a more pronounced influence 
on the rate of the reduction in dilute solutions than in more concentrated ones. 
The quantum yield varies from 0.6 to 4 in various alcohols, including methyl, 
ethyl, propyl and butyl^®^ The quantum yield increases with the concentration of 
the ferric chloride, the frequency of the light and the temperature. These workers 
find the products to he ferrous chloride and chlorine, no side reactions occurring 
within the first two hours. In later work, it was observed that in dilute solutions, 
two reactions may take place, each of zero order.^®® The initial velocity of the 
reduction in dilute solutions is proportional to a power of the concentration, 
which depends on the nature of the solvent. In concentrated solutions, however, 
the initial velocity is independent of the concentration of the ferric chloride. It 
was believed unlikely that the primary process involved a pbotodissociation,’®^ 
There may be either an activation of ferric ions which then react with the alcohols, 
or an activation of a molecule of ferric chloride, which then reacts with a second 
molecule to yield ferrous chloride and chlorine, the latter attacking the alcohols. 
Either mechanism would give a quantum yield of two. 

In studying the influence of light upon the decomposition of ferric iron prepara- 
tions containing citric acid, a decomposition which sometimes causes the stoppers 
to be blown from bottles by the accumulation of carbon dioxide, Fry and Gerwe 
reviewed the work on the reduction of ferric salts by organic acids in light. 
Eder’®® and deVries^®® found ordinary light to effect the reduction of ferric 
salts in the presence of oxalic, citric and malic acids. A small amount of ferric 
chloride oxidized a great excess of acid. Neuberg made an extensive .study of 
the action of both sunlight and ultraviolet light upon sixty substances in the 
presence of ferric salts and uranic salts. Fry and Gerwe found that three moles 
of carbon dioxide were produced for each molecule of ferric sulfate reduced. No 

Koss. W. H-, /. Am. Chem. Soc., 28, 790 (1906): Schneider, M., Z. physik, ekem. Vnterrtcht., 39, 
271 (1927); Benrath, A,, Z. physik. Chem.. 74, 115 (1910); Ghosh, J. C., Mitra, B. N., J. Indian 
Chem. Soc., 5, 191 (1928); Chem. Ahs., 23, 21 (1929). 

^•»iWmthcr, C.. Z Elektrochem., 18, 138 (1912); Z, nnss. Phot., 11, 60 (1912); 9, 205 (1910), 
wapuxcddu, E., Gazs. chim. ital., 50, 154 (1920); 52, 229 (1922). 

i»8 Prasad, M., and Sohoni, N. V., J. Indian Chem. Soc., 8, 489 (1931); Chem Abs., 26, 378 (1932). 

Prasad, M., and Limayc, P. S., /, Indian Chem. Soc., 10, 91, 101 (1933); Chem. Ahs., 27, 3882 
(1933). 

'«« Prasad, M, and Mobile, B. V., Prac. Natl. Acad. Sci. India, 6, 261 (1936); Chem. Abs., 31, 1298 
(1937). 

Prasad, M., Mobile, B. V., and Ntgudkar, K. D., J. Univ Bombay, 5, 2, 142 (1936); Chem. 

Ahs., 31, 3790 (1937). 

i»7Fry, H. S,, and Geiwe, E. G., Jnd. Eng. Chem., 20, 1392 (1928). 
i«»Eder, J. M., Monatsh., 1, 755 (1880); Ber., 14, 1183 (1881). 

deVries, H., Rec. trav. Chtm., 3, 365 (1884); Chem. Zentr., 56, 219 (1885). 

Neuberg, C, Biochem. Z., 44, 495 (1912). 



sm TH£ CnmiCAL action of ultraviolmt rays 

ijiarboti ntf>tu>iride fomied They proposed a mechanism in which cittic acid 
i$ coaverted into hydrogen, carbcai dioxide and acetone-dicarboxylic acid The 
latter iminediately decomposed to yield a second molecule of carbon dioxide and 
acetoacetic acid, which in turn, yielded a third molecule of carbon dioxide and 
acetone. The ferric sulfate was believed to aid the oxidation of the hydrogen 
formed in the first reaction. The summation of the reactions gave the stoichio- 
metrical ratio between ferric sulfate reduced and carbon dioxide produced which 
was found experimentally. It is to be noted that the sequence of events was stated 
to depend upon an action of the light directly upon the citric acid rather than upon 
the ferric salt From the preceding discussion, it is evident, however, that in most 
cases in which ferric salts are photochctnically reduced in the presence of organic 
matter, the light acts primarily upon the ferric salt. Lai and Ganguli reported 
that the rate of reduction of ferric salts in the presence of a mercury arc as source 
was proportional to the light intensity. Reduction was strongly accelerated by 
traces of thorium, uranium, copper and zirconium salts.^®^ 

Ferrocyanides and Other Complex Salts, A reversible color change occurs in 
solutions of potassium ferrocyanide in sealed tubes exposed to light. Only after 
months is there some precipitation of ferrous hydroxidc^'^^ Equilibrium condi- 
tions for a 0.25-per cent solution of potassium ferrocyanide in water are reached 
after an exposure of thirty minutes to an arc.^^*^ With exposures of sixty minutes, 
the percentage decomposition decreased from 0.23 per cent to 0.10 per cent as the 
concentration of the salt was decreased from 7.67 to 3.07 gm. per 100 cc. A further 
decrease in the concentration of the salt to 1.53 gni. per 100 cc. resulted in an 
increase in the decomposition to 0.40 per cent. Up to a certain amount, the 
presence of potassium hydroxide aids the decomposition, but larger amounts 
decrease decomposition to the value found for neutral solutions. Complete revers- 
ibility of the reaction was shown after the first exposure U) liglit and darkness, 
but with successive equal exposures the amount of decomposition increased, and 
the reversibility of the reaction decreased. Baur found oxygen to accentuate 
the darkeijiing in color of ferrocyanide solutions on illumination, although dark- 
ening occurs also with deaerated freshly prepared solutions. In acid solutions, 
Prussian blue forms. If the ferrocyanide solution is [lasscd through a column of 
granulated aluminum, the original yellow color disappears, and the solution 
ceases to be photochemically sensitive. These facts were interjireted as indicating 
that the ferrocyanide ion itself is photochemically insensitive, the light reaction 
l)eing due to the photodecomposition of the ferriej^anide ion always ju*escnt in 
small quantities. 

Baudisch observed that ferrous ions, as well as pentacyanoa(|uofcrrite ions, 
are produced when solutions of potassium ferrocyanide, neutral or feebly acid with 
carbonic acid, are exposed to the carbon arc or to direct sunlight in the absence 
of air. In the presence of air and light, the yellow ferrite ions are immediately 
oxidized to the dark violet pentacyanoaquoferrate ions, which react with the 6rst 
named ions to form complex compounds that have a pale yellow color. The 
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presence of sodium azide inhibits the formation of these products, and under 
tliese conditions the yellow potassium ferrocyanide is oxidized directly to the dark 
violet potassium pentacyanoaquoferrate ion. In an air-free system, the iron atom 
of potassium ferrocyanide is activated by light in consequence of the mobilization 
of its secondary valences. The original inactive compound is rapidly reformed 
in the dark. In the presence of air and light, peroxo-compounds possessing unusual 
oxidizing powers are produced in addition to the usual ferric and ferrous complex 
ions. 

Dickinson and RaVitz state that systems containing the ferro- and ferri- 
cyanide ions together with the iodide ion and iodine, are sensitive to light not 
absorbed by the complex cyanides. When light was directed into such an equili- 
brium mixture, the concentration of titratable iodine increased The photochemical 
reaction was believed to be a reduction of ferricyanide to ferrocyanide by iodide, 
the absorption being almost entirely by the tri-iodide ion. One molecule of iodine 
was formed for each quantum absorbed. Ip discussing the possible mechanism 
of the reaction, these authors suggested the possibility that an iodine atom might 
react with an iodide ion to produce the ion I* which might then serve as the 

reducing agent for the ferricyanide. 

It is tile opinion of Schwarz and Tede^^^ that potassium ferricyanide is not 
appreciably sensitive to light, decomposition taking place to a very slight extent 
after intense illumination. The change consists in hydrolysis to aquo-complex 
salts and ultimately ferric hydroxide, and also in the oxidation of hydrocyanic 
acid to cyanogen with the production of potassium ferrocyanide. In the case of 
potassium cobalticyanide, the reaction is 

iGCo(CN)e -f HaO > I<C 3 Co(CN) 50 H + HCN 

and 

K«Co(CN), -f H*0 > KCN + KuCo(CN)Ji,0, 

The corresponding chromium compound behaves similarly to the cobalticyanide, 
but the manganese compound is rapidly decomposed in the absence of light into 
manganic hydroxide, hydrocyanic acid and potassium cyanide.^^® 

Pavolini observed that when paper is coated with a solution of 5-per cent 
potassium ferricyanide and S-per cent ammonium molybdate, a print can be made 
on exposure to sunlight. The exposed print can be fixed in water acidulated with 
1-per cent hydrochloric acid. If, on the other hand, these compounds are added to 
a gelatin or gum arabic solution, the gelatin is rendered insoluble by the decom- 
position products formed on exposure to light. This mixture produces the same 
result as do dichromates. 

A weak source of light is capable of increasing by about 10 per cent the rate 
of oxidation of hydrazine by the ferricyanide ion. The effective rays are those 
absorbed by the ferricyanide.-^^ 

An aqueous solution of sodium nitroprusside when exposed to sunlight in an 
open vessel is decomposed into hydrogen cyanide, sodium nitrite and Na 2 Fe 2 (CN)^, 
the latter, in the presence of sodium hydroxide, being converted into Prussian 
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Mue,®!-® If the ex^sure to stinlight takes place in a closed vessel, nitric oxide is 
evolved* 

The precipitates formed on mixing' a concentrated aqueous solution of sodium 
nitroprusside with aqueous solutions of silver nitrate, mercuric nitrate, or ferrous 
sulfate, suffer change after exposure to sunlight for ten minutes.^^® 

Potassium permanganate and potassium dichromate are very stable towards 
ultraviolet light 

Although the chromates of ammonium, potassium and sodium arc unaffected 
by sunlight in the absence of substances capa!>le of oxidation, in the presence of 
such substances the photochemical reduction of the chromates and dkhromates 
occurs rapidly tinder the radiations of an arc light. The reduction results in 
either a brownish precipitate or a green solution according to the properties of 
the substance which serves as reducing agent. In some cases there is an evolution 
of gas, either ammonia, in the case of ammonium chromates, or carbon dioxide. 
According to Bhattacharya and Dhar,^^® the orders of the reactions between 
chromic acid and the following acids in sunlight and in darkness are, respectively : 
citric acid) 2, 2.5 ; tartaric acid, 2,3 ; lactic acid, 3, 3. Manganous sulfate accelerates 
most of the reactions and, except in the case of tartaric acid, reduces the order. 
With decrease in the order of the reaction, the temperature coefficients of the 
velocity coefficients usually rise. The temperature coefficient for the photochemical 
reaction is always greater than unity but less than that of the dark reaction with 
the saihe acid. In all cases, several molecules react for each quantum absorbed, 
the number increasing with increase in the concentration and with the tem- 
perature. The rate of reaction with or without manganous sulfate is directly 
proportional to the intensity of the incident radiation, except in the reactions with 
citric and tartaric acids in the absence of manganous sulfate, the rates of which 
are proportional to the square root of the intensity of the radiation. 

Forbes and Leighton electrolyzed 0.006 to O.OSiV chromate solutions in 
normal and three normal sulfuric acid between platinum electrodes at various 
current densities, comparing the yields obtained in the light of a 1500-watt quartz 
mercury arc and in darkness. At an illuminated cathode, a 0.5 per cent greater 
efficiency was observed. Part or all of the increased efficiency could be attributed 
to local heating in a thin diffusion layer at the cathode. An absence of any increase 
in yield in light would be compatible with the existence of light-sensitive chromate 
if the latter is equally reactive electrochemically before and after photoexcitation. 
Granting, however, that the slightly greater electrochemical efficiency in light may 
be due in part to excited chromate, it would be impossible to estimate the quantum 
yield without making certain assumptions, especially one regarding the life of 
the excited molecule, upon which would depend its chance of reaching the cathode. 

Justin-Muellcf, E., Bull soc. chem., 2, 1912 (1935). 

*«Leflrmann, H., and Pinfj,, C. C„ Bull WaQncr Free Inst., 4, 41 (1929); Brit. Chem. Abs , A, 
1431 (1929). 
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W. V,. and Dhar, N. k. J. Indian Chem. Soc., 7, 913 (1930); Chem. Abs, 25, 2053 (1931); Tawdc, 
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Morton 2^® finds tmder suitable conditions, as in the presence of ethyl 
alcohol, dichromate solutions are affected by light absorbed by the dichromate* 
With increasing acidity, the oxidizing power of the dichromate solutions in dark- 
ness increases so that the apparent action of light decreases. ^ 

Reactions between potassium dichromate and gelatin under the influence of 
light have been studied and have been applied in photography. The photochemical 
mechanism is not yet understood, and no attempt will be made to review the early 
work on the nature of the reaction. According to Plotnikow and Karschulin,®^® 
the reaction begins at 5950A, reaches a maximum at 5000A and then decreases to 
about 2400A, at least in the case of films sensitized with potassium dichromate and 
cresyl blue, 2BS. On the other hand, Eder^^*^ found the action of light on 
chromated gelatin to begin at 550m/x, to reach a maximum between 470 and 430m/jt., 
and to become very slight beyond Popovitzkii states that from 

earlier work of Eder, it is known that gelatin so transformed represents a com- 
pound with chromium salts, no organic oxidation products entering the compo- 
sition. Popovitzkii suggested the formula 4Cr20s*3Cr0, for the chromium complex, 
which agreed better with the analytical results than the formulas Cr208'2Cr03 
or Cr203‘3Cr03 suggested by Eder and Lumiere Brothers and Seyewetz. In 
order to employ the Werner coordination number of six for chromium compounds, 
the formula given above should be doubled. Two photochemical reactions might 
be written to account for its formation: 

16KfiCrO* . CrO» > IfilGCrO* + SCr^Os -h 120a. 

dKaCrOi . CrOa > CKsCrO* + 6CrOa. 

It is presumed that the gelatin having absorbed but not combined with the liberated 
oxygen can enter into combination with the 8 Cr203 and 6 CrO^ with greater 
ease. Galinsky suggests that the change resembles a protein denaturation, 
although no change in the Hausmann numbers or in the digestibility was detected. 

The decomposition of chromyl chloride by light into Cr02 and chlorine, from 
the nature of the absorption spectrum, requires wave-lengths shorter than 4200A.*‘^^'* 
Tin Compounds. The molecular absorption coefficient of a solution con- 
taining 32.7 gni. stannous chloride per liter and 0.81 LV in hydrochloric acid corre- 
sponds to complete absorption for wave-lengths shorter than 2850A, partial absorp- 
tion from 3020 to 3340 A and complete transmission of wave-lengths longer than 
3650A. Stannous chloride solutions do not follow Beer’s law, probably because of 
the formation of such absorbing complexes as HSnCls and H2SnCl4 in the presence 
of increasing amounts of acid. Quantum yield determinations indicate the photo- 
chemical oxidation of such solutions to be a chain reaction. Both the photochemical 
and the thermal reactions are similarly affected by accelerators and inhibitors so 
that the same chain mechanism probaldy applies to both.-^® 

In benzene solutions, the absorption spectra of stannic iodide exhibit maxima 
which indicate a dissociation yielding an unexcited iodine atom at 3650 A and an 

Morton, D. S., /. Phys. Chrm , 33, 1135 (1929). 

Plotmkow, J., and Karschulin, M,, Z. Phystk, 26, 277 (1926). 
a«>Eder, J. M., Z. Pkystk, 37, 235 (1926). 

For a general discussion, see Schommer, F., Phot, Rundschau, 63, 120, 138 (1926); Elod, E., and 
Berczeli, H., Kolhid-Z,, 74, 305 (1936). 
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one at 28S0A. In ethyl alcohol, the latter dissociation occurs at 2950A, 
In tnothyl alcohol, no maxima are evident*^^® 

Certain stannic acids produced either as a result of changes occurring in 
gelatinous orthostannic acid or formed by the action of nitric acid on tin, acquire 
a blue coloration on exposure to the ultraviolet rays of sunlight in the presence 
of certain organic reducing agents, as tartaric, citric and oxalic acids or ethanol. 
This action is irreversible and is accompanied by decomposition of the reducing 
agent without visible evolution of gas. The blue color is stable and permanent in 
the absence of air. The latter destroys the color. Under the same conditions, 
orthostannic acid does not give the coloration. 

According to Harada,^^^ the formation of the substance ( (CHg) 3811)20* 
(CH2)3SnTH20, by tlie action of sunlight on tin trimethyl iodide ( trimethyl iodo- 
stannane), does not take place unless tin tetramethyl is present. 

Mercu^ and Its Compounds. About 1924-5, Miethe“* and Stammreich claimed 
to eiicct the transformation of mercury into gold by the use of a new type of mercury 
i^por arc with very high energy input. Nagaoka, of Tokyo, independently made 
Sellar claims, which for a time were accepted by Haber. Miethe believed he had 
obtained one part of gold from 100,000,000 parts of mercury, and Nagaoka, by 
passing high tension sparks between pure tungsten points and mercury under paraf- 
fin, clarni^ to have increased the yield ten thousand times. A sample of gold 
prepared by the latter is said to have been placed in the American Museum of 
Natural His^tory.^ Hdnigsehmid and ZintU“ reported Mielhc’s material to have an 
atomic weight of 197.26. The da inis called forth a number of papers,^ some of which 
contained further confirmatory claims and others of which speculated as to the natuie 
01 the intranuclear transformations. The Siemens Works attempted the bombardment 
of mwe^ury surfaces by electrons in high vacuum, and even patented certain processes 
for etliccting the transformation.®®" 

tHrtbts were soon raised on many sides. Tiede, Schleede and Goldschmidt, found 
that ifiercary purified by two vacuum distillations was free of gold and gave no gold by 
Mietlie s process and Aston®®® rejected the claims on theoretical grounds. Many workers 
subsequently reported failures in attempts to duplicate these eKperiments.®®® Further 
discussion of reported transmutations of metals by ultraviolet radiations is unnecessary, 
since the energies required are greater than are available from the usual sources of 
ultraviolet. 


Ether .solutions of mercuric chloride (10 gm.) after exposure to sunlight in 
.sealed bottles for a period of five months formed 3.2 gni. oi calomel containing an 
organic substance; the ether contained hydrogen chloride, aldehydes and chlori- 
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tiated compounds.^^® Pougnct^^ exposed a solution of mercuric chloride itt a 
quartz tube to a mercury vapor lamp. He found that the tube became cloudy 
almost immediately because of the formation of calomel After thirty minutes, 
42 per cent had been decomposed and the calomel begad to darken. After seventy 
minutes, when the decomposition reached 48 per cent, the reaction ceased, indicat- 
ing the reaction to be reversible. 

In solutions of mercuric chloride of relatively low concentration the photo- 
chemical reduction by ferrous chloride goes at a rate nearly independent of the 
concentration of the ferrous salt.^^^ For a given concentration of the latter, the 
rate increases at first with the amount of mercuric chloride and then diminishes. 
The maximum rate appears to he attained when the salts are present in equimolar 
quantities (3 molar). Under these conditions, oxygen does not affect the reaction, 
but when there is a large excess of ferrous chloride, it reduces the quantity of 
calomel obtainable. The most effective wave-lengths appeared to be shorter than 
26S0A. 

When an alcoholic solution of hydrogen sulfide is gradually added to mercury 
lialides in suspension or tn solution, complex compounds of the general formula 
HgX2*2HgS result. These compounds, of various shades of red and yellow, 
readily undergo a color change in direct or diffuse daylight, regaining their orig- 
inal colors in darkness. 

Mercuric iodide, in solutions less than 1.5 molar in potassium hydroxide, is 
converted into the unstable dark red Hgl 2 *HgO, which decomposes into mercuric 
oxide, but is unaffected by light.^^^ In more alkaline solutions (2-6 molar), there 
is formed a white complex, 31IgT2*HgO*3KOH, which is decomposed into HgO 
by light. In solutions stronger in alkali than 7 molar, there is formed a white 
complex, HgTo-2(or 3)]IgO-XKOII which, when dried, is slowly decomposed by 
light. 

Liappo-Cramcr finds that red mercuric iodide present with gum arabic in a 
gelatin film is light- and color-sensitive, forming a developable latent image. 

Cinnabar is blackened by ultraviolet light, but the nature of the reaction has 
not yet been explained. Cropp 2“*® attributed it to a decomposition into the 
elements. 

Mercurous sulfate also darkens rapidly and independently of the presence of 
air, Skinner does not believe there to be production of mercury and mercuric 
salt and suggests that a dark subsalt or a polymeric modification may be formed. 

Halogen mercury thiocyanates are pholotropic, and complex halides of mer- 
cury such as HglBr, IlglCl and llgBrCl, are somewhat less 

Cobalt and Nickel I'he diffcrcnce.s in color of aqueous cobalt salts under 
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»*oPou«:net. J., CompL rend., 161, 348 (191S); /. Soc. Chem, Ind„ 34, 1053 (1915). 
a^Witither, r., Z. wtss. Phot., 11, 60 (1912); Chem. Abs., 6, 2042 (1912). 

®*®Varalalu, T, Ratn, A., and Rao, B, J. Set. Assoc. Maharajah's College, Visianagaram, 1, 10'/ 
(1924); Chem. Abs, 18, 3529 (1924). 

Montignje, E., Bull. snc. Chim , 2, 290 (1935); Brit. Chem Abs, A, 458 (1935). 

Liii>po- Cramer, Phot. Korr., 65, 97 (1929); Chem. Abs., 25, 885 (1931). 
s<«Br08Set, C., Naturttnssen.. 24, 813 (1936). 

Cropp, W. Proc Austral. In it. Met., No, 52, 259 (1923). 

Skinner, S., Proc CamN. Phil. Soc, 12, 260 (1904); J. Chem. Soc., 86, ii, 173 (1904), 

^»For further discussions of pbototropy m other complex mercury compounds see Rao, S. V. R,, and 
Watson, H. E., J. Phys. Chem., 32, 13.54 (1928), and Rao, E. L., Varanalu, K., and Narasimhaswami, 
M. V., Nature t 124, 303 (1929). SltRht decomposition is believed to account for the yellow to brown 
color formed on the irradiation of mercury fulminate by A, Borocco, Compt, rend., 207, 166 (1938). 



m THB CHBMICAB AC\flON OF ULTRAVIOLET RAYS 

various conditions have been the subject of a great number of investigations, but 
these lie beyond the scope of the present text 

Baly finds that on exposure to daylight in the air, nickel carbonate reversibly 
darkens in color, due to the production of NiaO,, or nickel hydroxide. Extraction 
of the blackened material with warm water yielded a small amount of formalde- 
hyde, and on evaporation of the filtrate, it was claimed that there were found 
the nickel salts of some organic acids and some carbohydrate. Similar results 
were obtained also, it was claimed, with cobalt carbonate. 

Cobalt trinitrotriammine in acid solution decomposes completely to cobaltous 
salts both in light and in darkness. In the dark reaction, there are two stages, 
each being a unimolecular process. The intermediate product is light-sensitive, 
radiations of 3660A causing decomposition with a quantum yield of 0.37.251 On 
the other hand, the photodecomposition of the cobalt trinitrotriammine appeared to 
take place in one stage, the velocity, unlike that of the dark reaction, being inde- 
pendent of the acid concentration. The quantum yield is 0.2 (3660A) and the 
temperature coefficient 1.03 for the velocity. 

On illumination of a solution of racemic K^Co (€ 204)3 by dextrocircularly 
polarized light (5890A), the cobalt compound becomes ievorotatory.^®^ Xhe 
decomposition of this compound (0.02-0.002M) by 4360, 4050, 3660 and 3130A is 
a reaction of zero order, according to Murgulescu,^^^ who formulates it 

Co(G04)a + /tp > COCGOO* 4- (GOO' 

Co(G04)a'"' + (GO 4 )' ^ (GO 4 )'' + 2COa + Co(G04)/' 

in agreement with Jager and Berger, but not with Vranek.^®^ 

The hydrolysis of aqueous solutions of hexamminecobaltic chloride, nitroam- 
minecobaltic chloride, cts and fraw,y-dinitrotetrammine cobalt, the two forms of 
trinitrotriamminecobalt, and cw-tetranitrodiamminecobalt are greatly accelerated 
by Hght.255 The cobalt separates, except from dilute solutions in which it remains 
as sol, as brownish-black cobaltic hydroxide, nitrite ions remaining in the solu- 
tions. The photochemical decomposition of all these nitritf>amminecobalt com- 
pounds is an irreversible reaction of the first order in which the wave-length 
3660A is most active. Increase in the number of nitro-groups in the nucleus 
diminishes the photochemical stability; trinitrotriamminecobalt occupies an inter- 
mediate position l>ecause of its electrically neutral nucleus. Among stereoisomeric 
salts, the trans compound is the more stable. The velocity of reaction is about 
one and one-half times as great in acid as in neutral solutions, but is largely inde- 
pendent of the pH. According to Schwarz and Tede,25« the stability of the com- 
plex nucleus diminishes with increasing electroaffinity of the coordinately united 
anion, in the decreasing order, carbonate, oxalate, nitrite, bromide, chloride, sul- 
fate. The inverted position of the oxalate and nitrite ions is attributed to stereo- 

C., Cajrs. chtm. itcU., 56, 589, 595 (1926), Hantzsch, A., Z. anorc). Chttn., 159, 273 
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chemical factors and probable ring formation in the case of the oxalato-resi 4 ne. 
In the cobaltpentammine series, the sequence is carbonate, chloride, oxalate, sulfite, 
nitrite, nitrate (equal to sulfate). The exceptional position of the chloride ion is 
due to its non-complex character. The presence of wat^r molecules in the complex 
increases the tendency to hydrolyze. The complex compounds of chromium are 
less stable and more subject to photochemical change than are those of cobalt 
Tungsten and Molybdenum. The light-sensitivity of the reduction of 
tungstic acid by glucose to a blue product was studied by Vasilief-Sinzova.^®!^ 
The reduction appeared to follow a monomolecular course. The light-sensitivity 
of freshly prepared solutions of tungstic acid increases with increase of the con- 
centration of added hydrochloric acid up to 0.47 normal, and then decreases, 
perhaps because the number of molecules of H 2 WO 4 sensitive to light increases 
until the coagulating effect of the acid predominates. 

Underlying these observations is the fact that when aqueous solutions of alkali 
tungstates are gradually acidified, amorphous precipitates of hydrated forms of 
tungsten triqxide are finally obtained. Before the precipitate is actually formed, 
polymerization changes occur in tlie dissolved tungstic acid, hexatungstic acid 
being first produced. With the addition of more acid there is a further polymeriza- 
tion to metatungstic acid, which is probably a diparatungstic acid, and in the 
presence of other acids, such as arsenic and phosphoric, heteropolytungstic acids 
are formed. These changes have been followed by light absorption and diffusion 
methods. 2 ^'»® Such reactions have been made the basis of a patent for ultraviolet- 
sensitive layers suitable for actinometric purposes.^*'^® The layer contains com- 
pounds of molybdenum, tungsten or thallium, together with an oxidizable sub- 
stance as glucose, made slightly acid by hydrochloric or citric acids. On 
exposure to wave-lengths shorter than 4000A, the layer changes from white to blue. 

Hanzawa described a chemical actinometer using ammonium molybdate 
in dilute hydrochloric acid containing small quantities of ethanol. Ghosh and 
Bhattacharya find the photochemical reduction of tungstic and molybdic acid 
sols by alcohol to be of zero order. The velocity constants were fodrld to decrease 
in sols which had aged, but the velocity constants of the latter could be increased 
to values greater than those of fresh sols by heating at 70° C. for eight minutes. 
In the presence of univalent itais the sols are less light sensitive. According to 
Sachs, the best method for the preparation of molybdenum blue is the reduction 
of a solution of sodium molybdate, acidified with hydrochloric acid, by formic acid 
in the light of a mercury arc. Hydrogen may also serve as the reducing agent.^*^® 
When exposed to sunlight in a sealed bottle, an ether solution of titanium tetra- 
chloride turned brown during the second day, and ultimately became green. On 
low temperature evaporation of the solvent, the mixture became violet, suggesting 
the green and violet modifications of titanium trichloride. 

The Rare Earths. Boll studied the rate of hydrolysis of tetrachloro- 
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platinic acid when submitted to radiations of different energy, the amount of 
r^tdiation reaching the solution being controlled by a cell containing a dilute solu- 
tion of caffeine, the concentration and thickness of the caffeine layer being varied* 
A later study by Boll of the reaction in very dilute aqueous solution shows the 
progress of the photochemical reaction by measuring the increase in the electrical 
conductivity of the solution. 

By the action of hydrogen and short ultraviolet rays, Krauss and Bruchhaus 
reduced a brown solution made by dissolving ruthenium hydroxide in hydrochloric 
acid to a bright, transparent, orange-colored solution, containing bivalent ruthe- 
nium. Colorless liquid ruthenium pentacarbonyl in light evolves carbon monoxide 
and produces orange-red, pseudo-hexagonal plates of Ru 2 (CO)a. The latter, 
when dissolved in glacial acetic acid become lilac in simlight.'-^®'^ 

Ultraviolet light causes the liberation of oxygen from a 0.1 molar solution of 
ceric perchlorate in molar perchloric acid. The quantum efficiency is at first 
about 0.1. Since the perchlorate ion is not decomposed, the following mechanism 
was suggested by Weiss and Porret.^®® 


-f hp ^ Gc**"'' (excited). 

C^++^.+ (excited) -f HaO > -f- Oil 

OH -f OH HjO *f O 

O -f- O > O*. 


The accumulation of retards the reaction, probably by the loss of an electron 
to the OH molecule with formation of and the hydroxyl ion. 

Uranium Compounds. Uranium is the only element other than the rare 
earths, whose compounds exhibit line absorption spectra.*^®® 

An acid mixture of solutions of sodium hypophosphite and uranyl sulfate 
remains unchanged in darkness, but when exposed to light, rapidly deposits a 
green colloidal precipitate containing 54.5-56 per cent of uranium and 15.75-17.5 
per cent of phosphorus, and consisting of hypophospliite with some i)hosphite and 
phosphate, mixed with sodium phosphate and uranous siilfatc.-^^^ 

Frequent examples of the u.se of uranyl salts as photosonsiti/ers will be found 
in other chapters, particularly in connection with the photochemical behavior of 
the organic acids. Rousseau subjected salts or solutions of salts of uranium, 

manganese, iron or nickel to the action of solar or ultraviolet ladiation, and then 
added the irradiated salts to liquids in which photocatalysis or the stevili/ation or 
activation of ferments is to be effected. 

Zinc oxide has also been widely employed as a photosensitizer. Winther 
found that when certain samples of zinc oxide were strongly illuminated, in the 
presence of air, by light filtered through ordinary glass, a substance appeared in 


aeoBoll, M., Ann. Phys , 2, 54. 266 (1914); 7. Chem Sor., 108, ii. 123 (191 S). 

“«»Kraii»s, F., and Bruchhans, E., Z. anorg allgem. Chem, 189, 53 (1930). 

*®i’Manchot, W., and Manchot, W. J., Z, anorg. allgcm. Chem, 226, 385 (1936). 

Weiss, J., and Porret, D., Nature, 139, 1019 (1937). 

Details of the absorption and fluorescence i»pectra of uraninni compounds arc Kiven by van Heel A., 
Comm, Phys. Lab. Untv, Letden, SuppL No 55B to Nos. 169-180 (192 5), Chem Aht , 21, 13il (1927) ; 
Ephi'aim, F,, and Mezcticr, M.. He/v. Chim. Acta, 16, 1257 (1933): Ghosh. J C, and Mittra, B. N., 
Qmrt, J. Indian Chem. Soc , 4, 353 (1928); Levshln, V. L., Bull acad. u'l., U.R S.S , Classe set. 
math, naf., Ser. Phys., No. 2, 185 (1937); Chem. Abs., 31, 8380 (1937) For the photochemical libera^ 
tion of iodine from potassium iodide by uranyl sulfate solution'^, see McmtiRnie. E , Bull sac. chim 5. 
564 (1938). 


Dieneft, F., and Villemninr, F., Cinnpt. rend., 199, 1113 (1934). See also ( hreticn, A ami 
Kraft, J., Compt. rend., 204, 3 736 (1937). 

JRousseau, E., British P. 226,534, Dec. 13, 1924; Brit, Chem. Ahs. B, 406 (1926). 

*Wf»WfntheT, C., Z, wiss. Phot., 21, 168 (1921). 
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tlie gfas phase which was capable of oxidizing iodide ion to iodine. In the use of 
this zinc compound for photosensitization of the decomposition of silver salts to 
sunlight , 

2AgNO« f ZnO ^ 2Ag -f Zn(NO»)» + V20a, 

Ferret found silver peroxide to be formed as an intermediary product In the 
reduction of mercuric chloride to calomel by zinc oxide in sunlight, four to fifteen 
days were required for a notable transformation ; the reaction attained a stationary 
state. When the reaction is of zero order, it is greatly accelerated by dextrose 
and by sucrose. In the presence of air, the sensitizing action of zinc oxide on the 
photolysis of calomel consists in the simultaneous oxidation and reduction of the 
salt. Bhattacharya and Dhar ^74 listed twenty-nine reactions sensitized by zinc 
oxide, including among others, the separation of gold from its chloride, the oxida- 
tion of potassium iodide by potassium persulfate, oxidation of sodium nitrite by 
iodine, oxidation of hydroxylamine or of hydrazine by iodine, decomposition of 
mercuric oxide, and decomposition of aqueous solutions of potassium perman- 
ganate or of potassium per^sulfate. 

To account for the inactivity of many samples of zinc oxide, Jung and 
Kunau studied samples prepared by various methods. Only those obtained by 
roasting tlie nitrate proved to be active which suggested that a zinc oxynitrate 
rather than the oxide might be the true photosensitizing agent. McMorris and 
Oickinson identified nitrogen dioxide as the gaseous product formed in small 
quantity when zinc oxide (prepared from the nitrate) is strongly illuminated, in 
a stream of oxygen, by the meixury arc radiations filtered through water and 
Pyrex glass. Baur held that on the absorption of energy, zinc oxide is con- 
verted into a '^phototrope/’ one-half of which is capable of oxidizing a neighboring 
substance, while the other half reduces the same substance. Such a conception of 
intramolecular electrolysis is however, unnecessary for the explanation of photo- 
sensitization by zinc oxide, since it has been found that a gaseous oxidizing agent 
is liberated from zinc oxide on irradiation. 

-'’■sPerret. A., J. chim. phvs., 23, 97 (192^)). 

Bhattachai>a, A. K, and Dliar, N. R, Quart. J. Indian Cfu'm, Soc., 4, 299 (1927), Chem. Abs,, 
22 , 915 (1928). 

Jung, G., and Kunau, E, phystk Clwm., 15B, 45 (1931), 

“^McMoriis, J., and Dickinson, R (»., J. Am. Chem. So( , 54, 4248 (1932) 

Baur, E., Trans Fataday Soc. 21, 627 (1925), see aKo Chapter 16. 



Chapter 21 

Photochemical Reactions of Inorganic Solids 

The present theories of photoprocesses in crystals have resulted from attempts 
to interpret the experimental studies of the effects of the absorption of light by 
ionic alkali halide crystals by the methods of quantum mechanics recently developed 
for the study of the properties of metals.^ In large part, the experimental founda- 
tion has been laid at Gottingen, as an extension of the studies of Gudden and 
PohP on the photoconductivity of certain homopolar crystal lattices, notably the 
diamond. After a number of attempts had been made to obtain similar measure- 
ments upon variously colored rock salt crystals,'^ a thorough study was undertaken 
of the formation by ultraviolet light of a yellow color in alkali halides. This 
phenomenon had been observed by Goldstein ^ as early as 1896. To obtain an 
understanding of the nature of this process, Hilsch and l\)hl ^ made observations 
of the far ultraviolet (including the Schumann region) absorption spectra of a 
number of alkali halides. In some cases, the halides were deposited upon quartz 
plates by vacuum sublimation. It was found that the nature of the absorption 
was determined primarily by the halogen ions, and was relatively but little influ- 
enced by the nature of the cation. The extinction curves showed definite sharp 
maxima. Absorption in these bands was believed to effect a transfer of an electron 
from a halogen ion of the crystal lattice to an adjacent metal cation, producing free 
halogen and metal atoms. In each case, the band of longest wave-length (corre- 
sponding to the absorption of the smallCvSt effective quantum) was attributed to 
the liberation of the atoms in their normal states. The energy required for this 
was at first held to be equal to, first, that required to separate an electron from 
a halogen ion (its electron affinity E) and, second, that required to overcome 
the coulombic attraction between the sodium and halogen ions (the coulombic 
part of the lattice energy of the crystal Q). This energy requirement would be 
diminished by the work necessary to ionize the alkali atom (its ionization poten- 
tial /), since this energy is liberated when the ion is converted into the atom. 
From available data, the values of Q-^-E—J were calculated for the various halides 
studied. The correspondence between the calculated energy' values and the energy 
corresponding to the first absorption maxima was only fairly satisfactory. The 
value calculated for the mean of the lithium, sodium, potassium and caesium iodides 
was 5.76 electron-volts and the observed value was 5.56 electron-volts.^' 

1 Bloch, F., 2. Pkysik, 52, 555 C1928); 59, 208 (1930); Wilson, A 11.. Proc Roy. Sne, London. 
133A, 458 (1931); 134A, 277 (1931), Peierls, R.. Ann. Physik, 4, 121 (1930). 

* Gudden, B., and PoW, R., Z. Physik, 16, 170 <1923); 17, 331 (1923). 

aGyulav, Z„ Z. Physik. 32, 103 (1925); 35, 411 (1926); Flechsig, W„ Ibid. 46, 788 (1928). 

^Goldstein, E., Z. Instrdke, 16, 211 (1896). 

» Hilsch, and Pohl, R. W.. Z. Physik 57, 145 (1929); 59, 812 (1929); 64, 606 (1930); 68, 
721 (1931). For earlier observations, see Pfund, A. H., Pkys. Rev., 32, 39 (1928) and for other 
halides, Ottmer, R., Z. Physik, 46, 798 (1928). 

» See also Bonhoeffer, K., and Hartcck, P., “Grundlagen dcr Photochemie,'* p. 141, Dresden, 
T, Steinkopff: Sooner, H., “Molckulspcktren und Ihrc Anwendung auf Chemisch Probleme,*^ II, 339- 
361, Betlin, T. Springer, dc Boer, J. H., “Electron Emission and Adsorption Phenomena," Cambridge 
IMiv. Pre», 193S. 239. 
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The absorption maxima at shorter wave-lengths were attributed to the libera- 
tion of the elements in excited states. The difference between the first and second 
maxima in the spectra of the iodides of alkalies other than caesium, expressed in 
volts, was L02. That between the ^F 8/2 and ^Pjl /2 states of the iodine atoin, is, 
from atomic spectra, 0.937 volt. In the case of the bromides, the corresponding 
values were 0.52 volt from the separation of the absorption maxima of the crystals 
and 0.4S4 volt from atomic spectra. 

The third maximum observed in tlie iodide spectra was attributed to the pro- 
duction of a normal halogen and an excited alkali atom. The caesium halides are 
exceptional, since in these the crystal structure is different. Two extra maxima 
appear in caesium iodide. 

The yellow coloration produced by irradiation in the absorption bands of the 
halides or by the action of x-rays was attributed to the production of alkali metal 
atoms, the formation of which is analogous to that of the latent image in the case 
of silver bromide. The yellow color ** produced by irradiation of sodium chloride 
crystals corresponds to an absorption maximum at 4650A. This induced colora- 
tion is but slight and it is said that but few color centers are usually formed. 
Longer exposures or the use of more intense light sources fail to increase greatly 
the yield of color centers. The yields of these color centers as determined by 
absorption measurements give rather definite information regarding the quantum 
yields of the primary photoprocess. Such information can but rarely be obtained 
in the study of photochemical processes conducted in gaseous or liquid systems. 
In crystals at room temperatures, Smakula® found that during irradiation with 
very low light intensities (few quanta), the yield approached unity. With more 
intense irradiation, however, a condition of saturation was reached, the quantum 
yield dropping below unity. Under these conditions, the electron displaced Was 
believed to return to its original location. When low intensities were used, the 
fewer electrons displaced throughout the crystal were thought to be able to acquire 
energy from the thermal motion of the crystal lattice. This energy lessened their 
chances of regaining their initial states. 

It soon became evident that this relatively simple picture of the processes 
occurring in an ionic crystal required modification. The absorption of the induced 
color centers was observed to differ from that of the same alkali atoms in the 
vapor phase. It was found to be dependent upon the nature of the lattice in which 
the atoms were believed to be liberated. Thus, the induced maximum the 
sodium salts lies at 3480 A in the fluoride, at 4650 A in the chloride and at 5400A 
in the bromide. Mollwo finds the color center frequency to be inversely pro- 
portional to the square of the lattice constant. It may be displaced toward longer 
wave-lengths by an increase of temperature. It has also been found that the 
formation of appreciable amounts of the latent image or so-called F color centers 
depends upon the presence of defects in the lattice. The more perfect the crystal, 
the lower are the yields of the latent image, the electron immediately returning to 
the halogen atom after it has been displaced by absorption unless the energetic 

^ Born, M., IZ. Physik, 79, 62 (1932)] raised certain objections to the calculation of the wave- 
length of the first maximum, but it has been suggested that these may l>e overcome by taking into 
account polariisation effects in the calculations of the lattice energies. See also, Klemm, W., Z. 
Physik, K, 529 (1933); Fues, E., Ibid, 82. 536 (1933); Mayer, J. E., J, Chetn. Physics, U 270 (1933). 

*Thi8 must be distinguished from the blue color of certain samples of rock salt which is due to 
the presence of colloidally dispersed sodium. 'Phipps, T. E., and Brode, W. R., /. Phys. Chein,, 30, S07 
(1926); Leroux, P., Compt. rend., 188, 904 (1929). 

•Smakula, A., Z, Physik, 63, 762 (1930). 

Mollwo, E., Nachr, Ges. H^iss, Gdttingen, Matk.-phvstk. Klasse, 1931, 97; 1932, 254; Chem. Abs,, 
26. 5«47 (1932); 27, 665 (1933). Krdhlich, H., Z, Physik, 80, 819 (1933). 
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cofiditiotis are modified by tke presence of lattice defects, foreign atoms Or surface 
irfegfularitiesL Smeka! has employed the localization of the color centers induced 
by irradiation as a means of studying the ultramicroscopic crevice imperfections 
of crystals* 

The influence of the lattice structure upon the phenomenon is particularly 
emphasized in the newer theoretical approach to the problem. This is based upon a 
consideration of the energy levels of the crystal as a whole rather than of the 
energy levels of the isolated metal and halogen atoms or ions. The modifications 
in the potential energy diagrams of the isolated atoms which result when they 
are made to approach each other to the distances in the crystal lattice are devel- 
oped mathematically. In this way there may be obtained a model analogous to 
that which has proved useful in recent work on the structure of metals. Such 
a model provides a potential energy diagram for an electron moving in the periodic 
force fields of a lattice.^^ Although the mathematical methods employed in this 
approach can be comprehended only by specialists, mention may be made of some 
of the results to which they have led. The sharp energ}^ levels of the individual 
atoms are> in the crystal, transformed into broad bands or zones, each of which 
can accommodate the number of electrons required to fill in the corresponding 
energy level of each of the atoms in the lattice. Within each such continuous 
zone there are an almost infinite number of energy levels. For this reason, if a 
zone is only partially filled with the number of electrons which the zone can hold, 
these electrons are free to move as in a metal. In the alkali halide crystals, ions 
rather than atoms are present, since the halogen atoms have acquired from the 
metal atoms their loosely bound valence electrons. This means that the zone corre- 
sponding to the 4P level of the halide, c.g., bromine, ions is filled with electrons.^''* 
On the other hand, the zone of higher energy level of the metal ions is empty 
(at O^K). If by heat or light, electrons could be i*aisecl into this zone to partially 
fill it, these electrons w^ould also be able to move freely throughout the crystal and 
render it conducting. Between these two zones there is a wide region of for- 
bidden energy levels. In actual rather than ideal crystals, there may be additional 
energy levels situated just below the upper conducting energy zone. These may 
be due to the presence of lattice irregularities or to surface effects. 

According to current theories, the color centers produced by the action of ultra- 
violet light or x-rays upon the alkali halide crystals are due to the presence of 
electrons in these localized energy levels below the conduction zone. Irradiation 
is believed tP raise electrons to these levels from a lower level, c.ff., of a halide 
ion, by a two-stage process. It is first raised to a higher level which may or may 
not lie within the conducting zone. From this it drops back to the final level 
somewhat below the upper conducting zone. FJcctrons in this level are respon- 
sible for the absorption exhibited by the ‘^latent iniage'^ or F centers. The F color 
centers can also be produced by directly introducing electrons from a pointed 
cathode or by heating the crystals in an alkali metal \apor. Since different 
metal vapors produce the same coloration in a crystal, it appears that it is the 

Smejcal, A., Physik. Z,, 33, 204 (19 3 2); dc Boer, J. IT., Rec trav. chim , 56, 301 (1937). See 
also, Lorenz, H., Porisekr. Mineral. ^ Krist. Fetrog., 20, 290 (19.30); Blochmzew, D., Physik. Z. Sowi , 
10, 431 (J936h 

^Gurney, R. W., Proc. Roy. Soc. London, 141A, 209 (1933); Morse, P. M, Phys, Rev., 35, 1310 
(1930); Brillomn, L., /. physique, 1, 377 (1930); Kronig, R., and Penney, W. G, Proc. Rov. Soc. 
London, 130A, 499 (1931). 

See, for further discussioti, Webh, J. H., J Opt. Soc. Am , 26, 367 (1936). 

^Staslw, O., Nachr. Ges. Wiss. Gottingen Math -physik. Klasse, 1932, 261; Gurney. R. W. Proc. 

Sol London, 141A, 209 (1933). 
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electrons rather than, as previously supposed, the neutral atoms which are, in 
some manner, responsible for the color acquired by the crystals. 

Hilsch and Pohl showed that heating a crystal with^ F centers in hydrogen 
causes their gradual disappearance. At the same time a new absorption band' 
(U band) in the ultraviolet near the long wave-length edge of the characteristic 
absorption band appears. The same process can be effected, although very ineffi- 
ciently, by the absorption of light by the F centers. The U centers can also be 
produced by passing an electric current from the liquid to the crystals during their 
formation from the fused halide. The absorption of ultraviolet light by the 
U centers of the crystal reverses the optical process by which they can be formed 
from the F centers. As the U centers are destroyed, the F centers reappear in a 
one-to-one correspondence. The U centers were believed due to electrons in dis- 
crete energy levels slightly above the lower filled zone. The energetic relations 
between the upper conductance zone, the lower filled zone and the discrete levels 
representing the F and U centers have been Summarized in a potential energy 
diagram by Tartakowsky for the sodium chloride crystal. The filled and con- 
ductance zones are separated by 7.7 electron-volts, quanta of this magnitude being 
required to render pure crystals conducting. The F centers lie 2.65 electron- 
volts below the upper zone, and the U centers, 1,3 electron-volts above the lower 
zone. 

More recently, Hilsch and Pohl suggest that U centers result from the dif- 
fusion of hydrogen into the crystal and that alkali hydride molecules are formed. 

A large number of investigations deal with the effects of the absorption of 
light by the U and F centers in crystals at various temperatures. These are 
primarily of physical rather than chemical interest, since they are concerned in 
part with photoelectric phenomena and in part, particularly in the case of crystals 
with foreign atom impurities, with phenomena of phosphorescence and lumi- 
nescence.^® These latter provide a basis for understanding the technically impor- 
tant use of luminescent substances in lighting and television. As sucl>, they lie 
beyond the scope of this work.^^ 

Another feature which has emerged from the use of quantum mechanics in the 
treatment of the absorption of light by crystals is a recognition of the fact that 
light energy absorbed in one portion of a crystal may be propagated throughout 
the lattice as an excitation wave. In other words, the excited electron and the 
hole it has left in the lower band may be conceived as moving about the crystal. 
This excitation wave may be considered, in terms of the de Broglie wave-theory 
of matter, as a particle called an “exciton" which moves through the crystal. This 
term was introduced by Frenkel in a mathematical treatment of the degradation 
and migration of energy in crystals.^® Franck and Teller discuss the signifi- 


es Hilsch, R., and Pohl, R. W„ Uachr. Gus. P^iss. Gottingen, Math.-physih. Klassc. tm, 322, 406; 
Chem. Abs„ 29, 3237 (1935); Z. Physik, 87, 78 (1933); Nachr, Ges. Wlss. G&Uingm, Uath.‘Physih, 
Klasse, Fachgruppe II, 1, 209 (1935); Chem. Abs., 30, 4763 (1936). 

e® Tartakowsky, P., Z. Physik, 90, 504 (1934); Taitakowsky, P., and Poddubny, W., Ibid., 97, 
765 (1935). 


Hilsch, R., and Pohl, R. W., Nachr, Ges. Wiss. Gottingen, Math.'physik, Klasse. Fachgruppe II 
(N.F.), 2, 139 (1936); Ckem. Abs., 31, 7754 (1937); Trans. Faraday 5oc.; 34, 88 (19^8). 

^8 Hijgrhcfl, A. L., Rev. Mod. Phys., 8, 294 (1936). Much of the pieceding discussion has been based 
upon this review. 


5»For reviews, see Pohl, R. W., KoUoid-Z., 71, 257 (1935); Proc. Phys. Soc. London, 49, No. 274, 
3, 36 (1937); Abhandl. Ges. Wiss. G'dttingen, Math.-physxk. Klasse, III, 18, 71 (1937); Leverenz, 
H.(^W,^)and Seitz, F„ J. Applied Phys., 10, 479 (1939); Symposium in Trans. Faraday Soc., 35, 
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cance of this concept in the treatment of photochemical proce^es induced at 
locations of a crystal (surfaces or disturbed lattice points) at a distance from the 
point at which light absorption occurs. 

The Silver Halides and the Photographic Latent Image 

Present concepts of the latent image are in general analogous to those devel- 
oped in the treatment of the alkali halides. The importance of the photographic 
process led to a large amount of early work. It was indeed shown by many^^ 
prior to the work on the alkali halides that the primary photographic process 
takes place in a halogen ion rather than in silver. Before considering the recent 
interpretations, brief reference will be made to some of the earlier observations on 
the products resulting from the prolonged irradiation of the silver halides. It is 
interesting to recall that the existence of ultraviolet rays was first made known by 
tlie demonstration by Ritter of the ability of invisible radiations beyond the blue 
end of the solar spectrum to blacken silver chloride. Ritter also showed that 
their effect could be reversed by tlie action of other invisible rays beyond the red. 
Since the absorption spectra of the bromide and iodide of silver extend into the 
visible, most studies have been concerned with the effects of visible light. 

For a time it was considered, notably by Becqucrel and by Carcy-Lea, that the 
initial product of the action of light (latent image) was some subhalide of silver. By 
the study of artificial photohalides prepared by mixing and simultaneously coagulating 
silver and silver halide hydrosols, Luppo-Cramer cast doubt upon this. Many were the 
attempts to prove or disprove the existence of definite pbolohahdcs by direct quantitative 
measurements of the halogen evolved during prolonged irradiation of silver halides. 
Richardson “ found 8 per cent of the total halogen to be liberated when 26 gms. of 
silver chloride under water was exposed to sunlight. Baker, however, found only 
14 mg. of chlorine to be evolved from 51 gms. of silver chloride after a considerable 
exposure to light. By the use of a special balance, Voliner found silver bromide to 
lose as much as 40 per cent of its bromine on illumination Negative results having 
been recorded^ by Strdmberg and bv Koch ami Schrader/" a careful remvestigation was 
made by Hartung.*” By the use of silver bromide films on silvered viticous silica supports 
on a special microbalance, he found a maximum loss of 96 per cent of the total halogen. 
Similar results were obtained with silver chloiide. Studies of the rate of rebromination 
of thin silver films gave no evidence of the formation of silver subbromides. This work 
definitely favored the hypothesis that the formation of the latent image involves the 
formation of free silver. 

In other attempts to solve this problem, varied techniques as mici oscopic studies of 
the effects produced by light, or the alteration of the silver halide x-ray diagram*® 
have been employed. The latter method gave indications of the formation of crystalline 
silver. The influence of various ions adsorbed on silver chloride on the liberation of 
chlorine by light ha.s been studied by Schwarz and Dieffenbacher In their experiments, 

22 Web b, J. H, J Opt. Soc Am., 26, ^67 (1916); “Proc 6tli Srnimci Conference (at Mass. Jnst 
Technnlopy) on Spectroscopy and Its Applications/' p. 157, Nrw Yoik, Jnlm Wiley and Sons. 1939: 
Gurney, R. W., and Mott, N. F., Proc, Roy. Soc. London, 164A, 151 (1938) 

sspajans, K., and Frankenburger, W., Z Elekfrochem., 28, 499 (1922), Sheppard S. E. and 
Trivelli. A. P. ft., J. Phy> Chem., 29, 1S68 (1925). Iia a, o. t., ana 

Ritter, Nicohon's J., 8, 214 (1804). 

2*^ Richardson, A., J. Chem. Soc, 59, 536 (1891). 
w Baker, H. B., Ibid., 61, 728 (1892). 

*^Volmer. Disjt , Leipzig, 1910, 41. Cited by Haifung 

Strdmbcrg, R., Z ndss. Phot., 22, 165 (1924); Chnn Ab\ , 17, 3838 (1923), 

Js^Koch, P. P, and Schrader, F., Z. Physik, 6, 127 (1921); Koch, P P., and Kreiss. B Ihd 32 
384 (1925). ’ ' ' 

soHartung, J.. i. Chem. Soc, 125, 21«8 (1924); 121, 682 (1922); 127, 2691 (192 5); 1926, 1349 
« Trivelli, A. P. H., and Sheppard, S. K, J. Phys. Chem., 29, 1568 (1925). 

^ *®Koch. P. P.9 and Voglcr, H., Am. Physik, 77 , 495 (1925); Tnllat, T. J., and Motz IT j pUvf 
• Radium, 1, 89 (1936). 

“Schwarx. and Dieffenbacher, K., Z. anorg. Chem., 152, 91 (1926). 
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50 mole per cent of a foreign nitrate solution was added to a silver nitrate solution 
which was then precipitated by an amount of sodium chloride less than sufficient to 
throw out all of the silver diloride. The acetate, citrate, tartrate, tetraborate and sulfate 
anions did not affect the rate of photodecomposition, but ; copper, lead, barium and 
thallium reduced the decomposition to 33, 32, 68 and 29 per cent, respectively, of thkt 
of silver chloride with only silver ions adsorbed. 

More recently, attempts have been made to determine quantum yields for the 
photolysis of silver chloride. For exposures involving total absorption of the 
3650 A line, Feldmann and Stern found a quantum yield of 0.86. The irradia- 
tion was conducted under water and the liberated chlorine determined by titration. 
Subsequently, they found for the 3130A line a value of unity. The silver chloride 
Uvsed had been precipitated in the presence of sodium nitrite. The latter served 
to combine with the liberated chlorine and lessened the probability of a reversal of 
the photolysis. With more compact samples of silver chloride, the quantum yield 
was, howei^er, only 0.13 in the presence of sodium nitrite and 0.20 in its absence. 
For precipitated silver bromide with sodium nitrite, the 3650 and 4360A lines 
gave yields of unity, but for silver bromide precipitated in the absence of sodium 
nitrite and for crystallized silver bromide in the presence of a nitrite, the yield 
was only 0.4. Father similar or lower values had been reported previously by 
others.^® 

The 3 deld may be affected not only by the compactness of the material, which 
alters the probability of the reverse reaction, but also in long continued experi- 
ments by absorption of some of the light by liberated silver atoms. MacMahon 
and Chatter ji measured the absorption of oxygen by irradiated silver bromide 
and chloride in a tube containing gold as halogen acceptor. The oxygen is absorbed 
by the dispersed silver resulting from the photolysis. 

During the formation of the latent image, the silver halides exhibit photocon- 
ductivitv. The absorption band of silver bromide in the visible has a minimum 
energetic .separation from the unfilled upper conductance band of the order of 
three electron-volts. Electrons raised into this band give rise to conductance.^’’'® 
An approximate agreement between the senvsitivity curves for photoconductance and 
for the photographic effects was observed by Arrhenius,*^® indicating according to 
present conceptions, that the liberation of an electron by light absorption may be 
concerned also with the formation of the latent image. Some discrepancies between 
the curves were noted by Coblentz,*^^ but Toy and co-workers explain these as 
due to the fact that the photoconductance experiments were made on large pure 
silver bromide crystals and the photographic ones on fine crystals in gelatin. 
Sheppard and Vanselow calculated tliat the photoelectrons have in the lattice a 
mean free path of the order of 10 ® cm, 

3i Feldmann, P., and Stern, A., Naturunss , 16, 5‘?9 (1928); Z physik. Chew , 12B, 449, 467 (1931). 
physik. Chew, 26B, 45 (1934), See, however, Plotwfkow, J., Phot. Korr , 67, 199 (1931), Chew. 
Ahs . 26, 1861 (1932). 

EjfRcrt, T., and Noddack, W., Z. Physik, 31, 922, 942 (1935); Eggert, J., Z. Elektfochem., 32, 
491 (1926) 

MacM-ahon, P. S., and Chatterji, A C., Proc. IHh Indian Sd Conqr , 1928, 138, Chem. Abs., 25, 
2922 (1931). 

For a quantum-mechanical treatment of conductance, see Fowler, R. H., Proc. Roy. Soc. London, 
140A, 505 (1933); 141A, 56 (1933). 

Arrhenius, S., Siteh. Akad. IViss. Wien, 96, 831 (1887); Scholl, H., Ann. Physik, 16, 193, 417 
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As itt the case of the alkali halide crystals, the formation of the la^t unage 
JBay be demonstrated optically. The absorption spectrum of silver bromide extends 
from about 4700A to the shorter wave-lengths and exhibits a maximum at about 
2200A. It differs from the spectra of the alkali halides in lacking sharp m^ima 
and minima, although there are indications of their existence. The latent image 
formed by exposures to the low intensities ordinarily used in photography is not 
visible, but Hilsch and Pohl showed that by the use of thicker crystals and 
greater exposures it could be detected as an induced band in the infrared with a 
maximum at 6900A, The absorption spectra of the original crystal and that of 
the latent image may partially overlap and that of the latent image may tend to 
become complex as compared with those encountered in the alkali halides. This 
may be ascribed to a tendency for the liberated silver atoms to become coagulated.^® 
Hilsch and Pohl calculated from dispersion theory and the observed absorption 
of the latent image that in both the photographic plate and in irradiated alkali 
halide crystals, the latent image is due to a concentration of but one color center 
in 10® to 10"^ salt molecules. The quantum yield amounts to about 0.33 to 0.4 
color centers per photon under the usual exposure conditions, Blair and Leighton ^ 
have given an equation expressing the rate of formation of the latent image. 

It has been assumed recently that the latent image corresponds in a general 
way to the F centers of the alkali halides. According to this view the latent image 
would represent electron energy levels rather than silver atoms. The manner in 
which such electronic excitation levels occasion the liberation and coagulation of 
silver atoms is a.s yet speculative.^® 

Theories of Sensitivity. It has been stated that the light-sensitivity of 
the silver halides does not coincide with their absorption curves, since it has a 
maximum in the short visible, and drops off in the ultraviolet where the absorp- 
tion curve is still rising rapidly. A small hump observed by Fesefeld at about 
4300A in the absorption spectrum of silver iodide does, however, coincide with 
the region of maximum sensitivity of that salt. There is also some discrepancy 
between the long-wave thresholds for absorption and photographic action. In 
part this may be due to the fact that methods for delecting the formation of a 
latent image by subsequent development are more sensitive than those for measur- 
ing the silver halide light absorption curve. Before the development of the theories 
discussed in connection with the alkali halides, attempts were made to relate the 
sensitivity threshold to the energy required to remove electrons from the halogen 
ions of the normal crystal lattice. Wave-lengths longer than those calculated 
proved, however, to be effective. Frankenburger and Fajans^"^ suggested that 
submicroscopic flaws in the crystal lattice might serve to lessen the energy required. 
Pauling proposed to calculate the threshold wave-length by deducting from the 
sum of the electron affinity of the halogen and the coulombic energy of the lattice 


^Hilsch, R., and Pohl, R. W., Nachr. Ges. Gottingen, Math.-pkysik, Klassr, 1^30, No. 2 176: 
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Schtnidt. R., Z. Physik, 48, 541 (1928). v i:.ggcri, j., ano 
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a term representing the work done when an electron is brought into the crystal 
from an infinite distance. He believed this latter quantity a function of the diamag- 
netism of the crystal. It may be recalled that, in the case of the alkali halides, 
Hilsch and Pohl had used the ionization potential of the metal as the energy’ 
quantity to be deducted. They have also suggested that during the ripening of a 
photographic emulsion there may be produced centers analogous to the U centers 
of alkali halide crystals. Electrons in these centers could be lifted to the conduc- 
tance zone by smaller quanta than those needed by electrons in the lower filled 
level. It appears likely that continued development of the newer quantum mechan- 
ical theories may serve to increase greatly our knowledge of the mechanisms 
involved.*^® 

Mention must also be made of the observation that the sensitivity of a photo- 
graphic emulsion is related to the presence in the grains of specks of a foreign 
substance.®’^ Development of an exposed grain is known to start at these specks. 
These were at one time regarded as silver sulfide, serving the function of forming 
the anodes of minute photoelectric cells.®^ At present, they are thought to be due 
to the presence of organic sulfur compounds, derived from the gelatin of the 
emulsion.®^ 

The more recent theories regard the function of the specks as that of concen- 
trating the silver atoms liberated by the light. It may be tliat light absorbed at 
other portions of the grain moves through the grain as an ‘^exciton” toward the 
disturbing speck.®® A radically different theory, due to Stock,®^ denies the need 
for postulating sensitivity specks and regards the latent image as excited silver 
atoms on blocks of the grain, which is assumed to possess a mosaic structure. 

Much effort has been expended in determining the properties which render a 
latent image developable. Toy and Edgerton ®® found the relative number of 
developable centers produced in silver bromide grains by exposure to monochro- 
matic light to be proportional to the number of quanta absorbed by the silver 
bromide. Weigert conceives of the latent image as complex micelles of silver 
halide, water, gelatin and “Ursilbcr’^ of increased energy content. This energy, 
which he believes may represent a summation of many quanta, is supposed to 
activate the developer molecules. 

Trivelli claims that the larger the specks originally present in an unexposed 
film, the smaller the amount of silver which needs to be added to it during exposure 

^Gumey, R. W., and Mott, N. F,, Proc. Roy. Soc. London, 164A» 151 (1938); Berg, W. F., Trans. 
Faraday Soc., 35, 445 (1939); Berg, W. F., and Mendelssohn, K., Proc. Roy. Soc. London, 168A, 
168 (1938). 

««> Wightman, E. P.. Trivelli, A. P. II., and Sheppard, S. E., J. Frank. Inst., 194, 485 (1922); 
Sheppard, S. E., and Wightman, E. P., Ibid., 195, 337 (1923); Sheppard, S. E., Wightraan, E. P., and 
Trivelli, A. P. H., Ibid., 196, 653 , 779 (1923): 198, 507, 629 (1924); 200, 335 (1925); Sheppard. S. E., 
Trivelli, A. P. H., and Loveland, R. P., IbU., 200. 51 (1925); Clark, W., Phot. 48, 91 (1924); 
Toy, F. C., Phil. 44, 352 (1922); Sheppard, S. E., and TriveUi, A. P. il.. Phot. Korr., 64, 145, 

173, 242, 273 (1928); Svedberg, T., Z. wiss. Phot., 20, 36 (1920); Chem. Abs., 15, 2393 (1921); Phot. 
J., 62, 183, 186, 310 (1922). 
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and Rawling, S. O., Nature, 116, 281 (1925); Price, T. S., Phot. J., 65, 298 (1925); Silberstein, L., 
Phil. Mag., 5, 464 (1928). 
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in order to produce a developable latent image. Sheppard finds that the number 
of silver atoms produced by exposure and the preexisting nuclei are together too 
stttall to support the hypothesis of a minimum critical size for development centers. 
He believes the state and more particularly the orientation of the silver atoms is 
a more important determinant of the developability of nuclei than their size. 
Reinders and Hamburger,®^ however, maintain that the smallest developable aggre- 
gates consist of three, four or more silver atoms or silver sulfide molecules. 

The relation between the silver produced on development to the silver produced 
in the primary photoprocess is known as the development factor. It decreases 
with the grain size, being 3 x 10^ for a grain mavss of 6 x 10"^* and 10^ for a grain 
mass of 10“^®. This is because the larger the grain, the greater the probability 
that it will contain a sensitizing nucleus of a certain size. Further details of 
the theory of the sensitivity of photographic emulsions lie beyond the scope of 
this work. 

Herschel Effect 

In 1839, Sir John Herschel observed that red light causes a fading of the 
direct photochemical image produced by illuminating silver chloride, hor a con- 
siderable time, this was regarded as an effect due to oxidation, but the observations 
of Leszynski cast doubt on this, and, according to Trivelli,^'^ more recent workers 
regard it as due to a photochemical bleaching of the latent image. Absorption of 
light by the latent image causes a photoconductivity, which tends to restore the 
original condition of the lattice by removing an electron from the silver atom and 
restoring it to the halogen. In the case of the alkali halides, the absorption of 
light by the latent image has two effects, the predominance of either of which is 
conditioned primarily by the nature of the crystal and its temperature. Bleaching 
predominates in the silver halidcs.^"^ Liippo- Cramer has shown that the Herschel 
effect is not entirely confined to the red end of the spectrum, but may also occur 
when the intensity is small with yellow, green and even with blue light. 


Sensitization 


Sensitization to Longer Wave-Lengths. It has been observed that a silver 
bromide hydrosol containing adsorbed silver ion, in contrast to one with adsorbed 
bromide ion, shows increased absorption in the yellow and green regions. The 
absorption curve as a whole is shifted toward the longer wave-lengths by 150 to 
200A, and at the same time the spectral sensiti\ity is shifted toward the longer 
wave-lengths.®® Similar effects are also observed in gelatin emulsions. The 
thallous ion has a similar effect half as great.®^ To some extent the latent image 
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itself may also act to sensitize a plate to longer wave-lengths.®* These effects, 
however, are all of relatively little importance in comparison with the sensitizing 
effects which may be brought about by certain organic dyestuffs. These can be 
used to alter the natural sensitivity of photographic emulsidns so as to render them, 
either approximately equally sensitive to all of the visible wave-lengths or tC 
extend the range of sensitivity into the infrared or to the shorter ultraviplet regions. 

Jn 1873, Vogel noticed that certain dyes, such as Corallin, which has an absorp- 
tion band in the yellow-green, sensitized plates to the region which these dyes 
absorb. The Isochromatic plates of fifty years ago, sensitized with eosin, were 
the first color-sensitive plates to have been generally used. Many other dyes have 
since been found more satisfactory. Particularly important are the isocyanine 
dyes, as ethyl red, carbocyanines, including pinacyanol, and a number of others 
as kryptocyanine and neocyanine. The use of such dyes has made possible the 
advances in long-range, haze-penetrating, infrared photography. 

The theory underlying the action of these dyes is still somewhat obscure. The 
range of sensitization and the absorption spectra of the dyes do not' coincide as 
closely as had been at first thought to he the case. It has, however, been suggested 
that the dyes when adsorbed on the halide grains may have their absorption spectra 
shifted.** In some instances obscure chain reactions may be set up. Not all dyes 
sensitize when adsorbed. A common constitutional factor in the effective ones 
appears to be the existence of either two oxygen or two nitrogen atoms in two 
states of valency, joined by a chain of conjugated double bonds.'^* 

Rabinovich has suggested that in solid systems the energy evolved in the 
photoc‘)xi elation of the adsorbed sensitizer by atmospheric oxygen may be utilized 
in the decomposition of the crystals to which it is adsorbed. 

Ultraviolet Plates. Duclatix and Jeantet'^^ suggested that a photographic 
plate may be sensitized to the extreme ultraviolet by the application of a thin 
coating of oil. Lyman believes the process does not yield results comparable 
with the Schumann procedure (Chapter 1), but agrees that its possibilities have 
not been fully explored. The changes in sensitivity and contrast produced by 
coating plates of various brands with five different fluorescent oils, in the region 
of 2200-3800A have been studied by Harrison'^* and by Soderman,’^^ the latter 
finding only Schumann plates to be satisfactory in the range 50-500A. A 0.5 per 
cent solution of vaseline in light petroleum may be employed.’^® Citric acid and 
salicylates have also been used.'^* Eggeii: and Arens have added to ordinary 

** Eggert, J., and Noddack, W., Z, Physik, 31, 942 (1925). Synthetic Organic Chemicals, Eastman 
Kodak Co., l>ec. 1927. For the earlier observations, inchiding those of Becquerel, I-uppo-Cramer and 
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Webb, J. H., J. Opt Soc. Am., 26, 367 (1936); Bokinik, Y. A., and IVina-Bagdasar’yan, Z. A., J. 
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a layer containing^ a wetting agent and a substance such as fluorene or 
anthracene which huorcsces in the ultraviolet region. The purpose of the wetti^ 
agent, saponin or Turkey-red oil, is to aid in the removal of the fluorescent suIk 
stance in the development bath. Rathenau suggests impregnating the plate with 
a filtering dye which absorbs light of fairly long wave-length and then covering 
it with a sensitizing oil film which acts on short wave-lengths unabsorbed by the 
dye* Among the dyes proposed were nitrosodimethylamine, methyl orange, fuch- 
sine. As the sensitizer, Cenco pump oil n021B could be used. 

Details of the sodium salicylate method, including the sensitometry of the 
plates so treated, have been given by Montague and Ricard,^^ and Terrien.®^ 

Ethyl dihydrocollidinedicarboxylate has been proposed.®^ Sheppard and Vanse- 
low®® use a silver salt of l-/>-sulfophenyl-3“methyl -5-pyrazolone, or related com- 
pounds. A number of solutions enumerated by Allen and Franklin for sensi- 
tizing plates to radiations shorter than 2500A are shown in Table 20. The aqueous 


Table 20. Substances Used for Ultraviolet Sensitization of Plates. 


1. 

Chemical Name 
l-naphthylamine-4- 
sulfonic acid 

Trade Name 

Naphthionic Acid 

Solvent 

Water 

Approximate 

C'oncentration 

2% 

Remarks 

Add 4% 
Na.CO, 

2. 

2-naphthylamin- 1 - 
sulfonic acid 

Eastman's T386 


2% 


3. 

2-naphthylamine“6- 
sulfonic acid 

Bronner's Acid 


2% (sat) 


4, 

2-naphthylamine-6,8- 
disulfonic acid 

Amino G Acid 


4% 

tl 

5, 

2-naphthol-6,8- 
disulfonic acid 

G Acid 


4% 

** 

6. 

a-naphthylamine 


Ethyl acetate 

2 % 

Add 4cc. 
alcoholic 
solution of 
white shellac 
per 100 cc. 

7, 

Fluorene 


<4 

2 . 57 ^ 

c< 

8. 

Carbazole 


“ 

2% 


9. 

Ethyl carbazole 



2% 

(4 


solutions are merely applied to the plates for a few seconds, after which the plates 
are allowed to dry in a vertical position. Just before development, the plates 
should be rinsed with water. When water-insoluble organic substances are used, 
these should be removed before development by means of acetone. The same treat- 
ment should be used on plates treated wdth fluorescent oils or Eastman sensitizer. 

In a photosensitive layer sensitive to the ultraviolet, Sheppard and Eberlin 
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use for application to paper dextrose and an oxygen-containing compound of a 
metal of the sixth periodic group having an atomic weight between 90 and 200, 
such as sodium tungstate or molybdate. ' 

Russell Effect. It has long been known that a very great number of sub- 
stances are capable of affecting a photographic plate in the dark (Russell effect). 
An exhaustive review of the work in this field has been given by Keenan,®® who 
concludes that, in general, a vapor passes from the active substance to the plate, 
and that it is of the nature of hydrogen peroxide or an organic peroxide. 

The Weigekt EFFECt 

It was shown by Weigerl that exposure of very thin layers of silver chloride 
(when sensitized by free silver produced by a previous exposure to ordinary 
light) to plane polarized light renders the layer color-adapted and dichroic, that 
is, causes it to exhibit different extinction coefficients in polarized light according 
to the direction of the plane of polarization. This is a sign of a definite anisotropy 
in the layer. The optical axis of the photoanisotropic system is always parallel to 
the plane of the electric vector. After a preliminary exposure to polarized light, 
the orientation set up determines or orients a subsequent decomposition effected 
by non-polarizqd light. This Weigert termed induced photoanisotropy. Zocher 
and Coper®® have obtained the effect by the use of circularly polarized light. 
Weigert regarded the effect as due to definite alterations in the shape of complex 
silver micelles. It has, however, been shown by Cameron and Taylor that the 
effect can be produced in single crystals of silver chloride previously rendered 
blue by exposure. Both silver and a silver halide lattice are necessary, but gelatin 
or other components of photographic emulsions or the gel state are not essential. 
It is suggested that suitably dimensioned and oriented silver particles can respond 
to polarized light by ejecting electrons in a definite direction. These reform silver 
from the silver ions in the lattice, the chlorine being assumed to migrate. 

Weigert also observed the phenomenon in the photodecomposition of light- 
sensitive dyes embedded in gelatin.®^^ In cases in which there is rigidity, either 
of a crystal lattice or of a gel, photoanisotropy effected by polarized light may 
persist. In gaseous or liquid systems, in which the photochemical products are 
rapidly disoriented by collisions, it is evanescent.®^ 

Other Silver Compounds 

Wave-lengths longer than 2500A are said not to reduce silver nitrate in pure 
gelatin, unless there is present 10"® gram mole of potassium chloride or bromide 
per liter of gelatin. Even eosin or rhodamine- silver nitrate-mannitol mixtures 
are stable in ultraviolet light if they have previously been subjected to ultrafiltra- 
tion.®^ 
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'"Weigert, F., Verhand. dcut. phystk. Ces., 21, 479 (1919); itnnmariaing statements in Naturteiss., 9, 
583 (1921); 16, 613 (1928); 19, 969 (1931); Z. phystk. Chem., 3B, 377 (1929): 4B, 239, 258 (1929); 
18B, 73 (1932); sec also Nikitme, S., Compt. rend,. 204, 973 (1937); 2^. 513, 643 (193^; Cherduintzev, 
S . Acta Physicochim. U.R.S.S., 3, 355 (1935); Chem. Abs., 30, 2110 (1936); Ungar, Cl., Compt. rend., 
208, 337 (1939). 

** Zocher, H., and Coper, K., Z. physik. Chem., 141, 217 (1929); 132, 313 (1928). See also Cotton, 
A., Compt. rend., 189, 599 (1929). 

“Cameron, A. E.. and Taylor. A. M., /. Opt. Soc. Am., 24, 316 (1934), 

See also Nikitine, S., Compt. rend., 208, 805 (1939). 

^ Ghosh, J. C., and Banerjec, T., IKolhid^Z., 86, 372 (1939)] have recently reviewed extensive 
experiments on the production of circular dtchroism in various inorganic sols by irradiation with 
circularly polarired light during their formation, 

“Bokmik, Y. A., J. Phys. Chem. (U.S.S.R.), 11, 190 (1938); Chem. Abs., 33, 4130 (1939). 



384 TBB CHBMICAL ACTION OF ULTRAVIOLET RAYS 

A soliation containing starch, silver nitrate and an excess of potassium iodide 
rapidly becomes blue on exposure to light Since the reaction is not observed in 
tbe presence of an excess of the silver ion, it may be assumed that the iodine 
liberated is derived from potassium iodide adsorbed on silver iodide, the latter 
exerting an enormous accelerating influence on the oxidation of the former.®^ 

According to Ishii,®^ the compound AgKL 2 H 20 exists as asbestos-like crystals 
which change from peach color to dark purple under sunlight and to dark gray 
under mercury arc light. Rather similar changes are also observed in the colorless 
compounds 2AgLKI.l/2HoO and 2Agl.KI,2H20. The compound 4AgLKL2C3HoO 
is not affected by sunlight but changes from colorless to a peach color under the 
mercury arc. Ag.2KI and Ag.6KI are unaffected by light. 

Arens and Eggert found sensitive gelatin emulsions of silver acetylide, azide 
or oxalate to be developable under suitable conditions. Each of the three salts is 
white and absorbs in the same region of the ultraviolet as does silver chloride. 
After a long exposure of the acetylide, a residue of carbon is found on dissolving 
away the silver. Nitrogen separates directly from the azide on exposure to light 
of high intensity, but this does not occur as a result of a correspondingly longer 
exposure to light of a lower intensity. Possibly in this case hydrogen azide is 
formed. Contrary to what might be expected from their endothermic nature, the 
amount of silver which separates directly on exposure of either of these three 
salts is of the same order of magnitude as that formed from silver chloride. 

There are photographic processes which do not employ silver sails. Among 
these are the bleaching of photosensitive dyes, generally by oxidation, diazo- 
processes in which after the loss of nitrogen the remaining residue of the diazo- 
body can be coupled to form a dye, alkaline bichromate processes in which there 
forms a chromic oxide capable of tanning gelatin and certain iron processes. 

Gelatin impregnated with ferric chloride gives a white image when exposed 
under a negative.®^* Mixtures of tartaric acid and ferric salts with selenious acid 
or with potassium tcllurate are reduced in liglit with the formation of amorphous 
selenium or tellurium. Sensitive papers utilizing this behavior have been pre- 
pared.®^ The selenium paper gives a bright red and the tellurium paper a black 
to brown tone. The development and fixation may be carried out with a dilute 
solution of hydrochloric acid, with the addition, in the case of the tellurium paper, 
of stannous chloride to prevent the destruction of the image by the unchanged 
ferric chloride. 


The Blackening of Lithopones 


The white pigment lithopone, a mixture of zinc sulfide and barium sulfate, is 
prone to blacken on exposure to ultraviolet radiations from an arc or in sunlight. 
Eibner®^ attributed this to an interaction of metallic impurities with the sulfide 
pigment. Roches®® attached much importance to the presence of chlorides, but 
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did not find iron, cadmium, cobalt or manganese harmful. Brickwedde believed 
soluble salts whose sulhdes are black to promote the change. The elimination of 
impurities from the raw materials employed in the mandfaeture of this pigment! 
has greatly increased its light stability.^®^ It is, nevertheless, true that even care- 
fully purified Wurtzite, zinc blende and unignited zinc sulfide, in the presence of 
water, blacken uhen subjected to ultraviolet rays.^®^ In an atmosphere of hydro- 
gen, the decomposition products contain hydrogen, zinc, sulfur, and the zinc and 
sulfate ions. Electrolytes increase the light-sensitivity. By irradiating a suspen- 
sion of zinc sulfide in water. Job and Emschwiller had previously obtained 
sulfur, zinc and hydrogen. 

It was believed by Mass and Kempf that the lattice structure is essential 
to the blackening and that amorphous freshly precipitated zinc sulfide or zinc 
sulfide which has been ground in a mortar is insensitive to light. Such samples 
must be sul)jectcd to heat treatment to convert them into phosphors before they 
will blacken.^ Only luminescent samples exhibit the phenomenon, possibly 
because neutral atoms of zinc, cadmium or silver must be present in the interstices 
of the lattice. Mass and Kempf attributed the change in the zinc sulfide to a 
process analogous to that which occurs during the exposure of silver bromide; 
zinc and zinc disulfide were assumed to be formed, the zinc appearing in finely 
divided form on the surface of the mass. Tt may be that in the primary process, 
electrons pass from a sulfide ion on the surface of the crystal lattice and discharge 
a neighboring zinc ion. Irradiation produces photoconductivity, but there are 
differences in the spectral sensitivity curves for blackening and for photoconduc- 
tivity. Gordon, Seitz and Quinlan have speculated regarding the nature of the 
two-quantum shifts of electronic energy-levels involved. They believe the black- 
ening occurs at the surface as an electrolysis of zinc sulfide in solution in the sur- 
face moisture under the electromotive force produced by the optically-formed 
and S" ions. The liberation of hydrogen noted by Job and Emschwiller has 
not \et been interpreted in terms of the newer theories. 

Glycerol and other polyatomic alcohols have been believed to protect Hlho- 
pones.^^^ Waterglass is also said to be effective. 

It was observed by Mass and Kempf that blackened lithopone brightens in 
darkness owing to the oxidation of metallic zinc, but remains black if no oxygen is 
present. The rate of bleaching of darkened lithopone and the photoelectric effect 
of the latter are similar to the behavior of samples of lithopone upon the surface 
of which zinc has been distilled.^®® 

To determine the relative effectiveness of various wave-lengths, Pfund 
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rubbed a sample in water and covered it with a quartz plate. The specimen was 
then mounted in the focal plane of a quartz spectrograph, so that the entire 
trum from an iron arc was projected upon the lithopone surface, which, by dark- 
ening indicated the spectral regions of greatest effectiveness. Wave-lengths Itmger 
than 3200A showed very little darkening. By the use of monochromatic light of 
cmistant intensities, it was shown that the sensitivity of lithopone is almost nil 
in the visible spectrum, and rises to a high value in the ultraviolet near 2900A, 
remaining practically constant at shorter wave-lengths. All samples of lithopones 
tested by Pfund showed the same general type of sensitivity curves. These curves 
were obtained by plotting against the wave-lengths the reciprocals of the time in 
seconds required to produce a visible darkening by these wave-lengths, the inten- 
sity being maintained constant. Brickwedde, employing this method, found very 
different results, the sensitivity beginnig at 3700 A and showing a subsidiary 
maximum at 3 130 A. 

In testing lithopones, Gardner and Holdt use either an exposure to sunlight, 
or as an accelerated test, to the rays of a mercury or iron arc. When the mercury 
arc is used, the pigment is exposed as a dried oil paint film on a palette submerged 
in a shallow layer of water to reproduce a condition of constant humidity. The 
test should be carried out on the pigment ground in the vehicle in which it is 
intended to be used. The acid value of the oil medium used has a marked effect, 
increasing acid values in a series of alkali-refined linseed and tung oils diminish- 
ing but not entirely inhibiting the darkening of the pigment. When employing 
the rays from an iron arc, the lithopone paste is exposed behind a quartz slide, 
backed by an ordinary glass slide to retard evaporation. When sunlight is used, 
ordinary thin microscope slides may be used. The degree of darkening may be 
evaluated by comparison with standards. 

Some reversible darkening in daylight of commercial samples of titanium 
oxide, particularly in those containing iron, has been observed to occur. Ver- 
million is also light-sensitive.^^® 

Effect of Ultraviolet Radiations on Colloidal Systems 

Preparation. Although Schulze was unable to effect the conversion of 
metals into dusts by the action of ultraviolet radiation, Svedberg succeeded in 
preparing colloidal sols of metals by applying an observation of Lenard and Wolf 
that certain substances, especially metals, are disintegiated when exposed to ultra- 
violet rays. Pieces of metal, the surfaces of which had been carefully freed from 
oxides, were placed in a shallow diwsh containing a dispersion medium, and exposed 
to the rays from a Heraeus quartz mercury arc lamp at a distance of a few centi- 
meters. After a few minutes, colloidal sols were obtained from silver, copper, tin 
and lead, but platinum, aluminum and cadmium remained practically unaffected. 
The action was especially marked in the case of lead, which yielded a colloidal sol 
in ethyl alcohol, and a milky liquid, probably containing lead hydroxide, in water. 
The nature of the dispersion medium had a great influence on the results with 
silver and lead. Kimura^^"^ tested the effect of ultraviolet rays on silver, copper 
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and an alloy of tadmium 90 per cent and antimony 10 per cent In a vacuum, no 
corrosion took place, in air, there was a very slight corrosion, in oxygen somewhat 
more and in water strong corrosion under the influence ofythe rays, Nordensan,^^f 
who continued these experiments, using quantitative methods, ascribed the forma- 
tion of the colloidal sols by the rays to the formation of hydrogen peroxide. This 
attacks the metal, yielding an oxide or hydrate which after solution is converted 
to a metallic colloid by the reducing action of the rays. 

Dede and Walther obtained yellow to bluish-violet colloidal solutions of 
arsenic by bubbling purified arsine through water exposed to light of short wave- 
lengths. 

Voigt ^20 has stated that pure silver nitrate in very dilute solution does not 
form a silver hydrosol when exposed to the rays from a quartz lamp except in the 
presence of a protective colloid such as gum arabic. The wave-length is important, 
ultraviolet rays being required. The ultramicroscopic particles of the gum act as 
reducing centers. 

Wassiljewa ^21 notes that if dilute hydrochloric acid is added to a solution of 
sodium tungstate until the liquid becomes slightly acid, a colloidal solution of tung- 
stic acid is obtained. This, in the presence of various organic substances such as 
formaldehyde, sucrose, dextrose or dextrin, undergoes reduction on exposure to 
light, with the formation of an intensely blue solution. If the undialyzed solution 
is kept for some time, it is found that the reduction process does not occur when 
the solution is exposed to light. This may be due to the existence of two forms of 
colloidal tungstic acid, one of which is photochemically inert and the other sensitive 
to light. The latter changes spontaneously into the former. The reverse trans- 
formation may be brought about by a rise of temperature. The absorption spectra 
of the two modifications are found to differ appreciably, the region of ultraviolet 
absorption extending further towards the visible spectrum in the case of the photo- 
chemically sensitive modification. Ghosh and Bhattacharya ^22 found that it takes 
three minutes to start the photochemical reduction of tungstic acid by glucose ill the 
presence of sunlight. The rate of reaction then increases up to eight minutes, 
after which it obeys a zero-molecular law. This period of induction is probably 
due to the fact that the aggregated molecules must first be broken up into simple 
molecules before the reduction begins. 

It has been claimed ^28 that alumina intended for use as an emulsifying agent 
in the manufacture of cosmetics, paints and cleaning agents may be improved 
by ripening it by ultraviolet irradiation. 

In determinations of particle size in colloidal sols, it has been possible to make 
observations of the Tyndall cone produced by ultraviolet as well as by visible 

light.124. 126 

Effects of Irradiation on the Stability of Colloidal Systems. Ultraviolet 
rays cause a slight decrease in the electrophoretic migration velocity of zinc hydro- 
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Sok, but uot alcosols, according to Schaum and Friederich.^^® Light also afF^s 
the electrophoresis of silver halide hydrosols and may even reverse the direction 
of migration of the particles. The migrations of many other sols were not, how- 
ever, affected by light in Schaum’s experiments. 

A number of investigators have studied the effect of ultraviolet light in alter- 
ing the stability of particle size of previously prepared colloidal sols. In experi- 
ments in which silver sols prepared by the high-frequency arc method were 
adsorbed by filter paper and exposed to the rays, Long found the more highly 
dispersed ones to be particularly sensitive. Wiegel also noted that coagulation 
of dextrin-silver sols is accelerated by light, and especially the shorter wave-lengths. 
Galecki and Spychalski found that the smaller the particles of silver nuclear 
hydrosols, the more readily were they decolorized by ultraviolet rays. The con- 
ductivity increases and the viscosity decreases, but these changes may be reversed 
on prolonged irradiation. It is suggested that the radiation causes the formation of 
hydrogen peroxide, which dissolves the colloidal silver and decolorizes the sol 
by forming silver ion. This may subsequently be reduced by the action of the 
ultraviolet rays. The reaction, as followed by spectrophotonictry at 5100A, 
appeared to be of the first order. The values of the reaction velocity constants 
varied at 10® from 0.0528 to 0.1345 and at 29® from 0 0875 to 0.2104 for the par- 
ticular sols used. The temperature coefficient had a mean value of 1.3. Accord- 
ing to Galecki and Marchlewska,^^® gelatin and ageing increase the time required 
for ultraviolet light to decolorize the sols. 

The coagulation of Bredig’s platinum hydrosol may be greatly hastened by 
exposure to a 220- volt Cooper- Hewitt quartz lamp at a distance of 15 cm. A 
platinum sol which was not completely coagulated in two years in ordinary light 
was half coagulated in ten hours of irradiation Similarly, the rays accelerate the 
coagulating action of common salt. 

Zakowski finds the induction period or period of slow growth of gold 
particles upon gold nuclei to be diminished by previous irradiation of the gold 
solution by ultraviolet light. Beaver and Muller have reviewed the many older 
observations regarding the effect of light in reducing gold salts or in accelerating 
the action of reducing agents in the formation of colloidal gold. Nordenson 
was convinced that the coagulating effect of the ultraviolet rays upon gold sols 
was not due to a photoelectric effect because the result was the same for positively 
and for negatively charged particles. He suggested cither that the light may 
cause a difference of potential between adjacent particles leading to attraction and 
eventual precipitation, or that the light may disturb the adsorption equilibrium 
between particles and associated ions, leading to instability and coagulation 
Beaver and Muller attempted to determine why the sensitivity of gold sols is 
markedly dependent upon their past history, some being entirely unaffected by 
ultraviolet light, while others are readily coagulated by it. Fourteen days’ expo- 
sure to a 220-volt mercury arc did not affect Bredig gold sols or sols prepared by 
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meaiis of hydrazine, phosphorus, formaldehyde or acetylene. On the other hand, 
sols prepared by means of hydrogen peroxide, tannin, quinol, catechol, resorcinol 
or pyrogallol, turned blue within the first two days, the light having a slow 
coagulating effect. After eight days of irradiation, they turned clear ted, the^ 
unstable sol being peptized to a sol identical in appearance and behavior with the 
one originally used. After this, light had no further effect. In the case of the 
tannin and hydrogen peroxide sols, the stability toward ultraviolet radiation was 
in general dependent upon the pH at which the reduction had originally been 
brought about. The sensitivity toward radiation was progressively less as neu- 
trality was approached, and was at a minimum at slight alkalinity for the peroxide 
sols. In the range of pH 7.5 to 9.0, the sensitivity, although slight varied, so that 
a number of the sols identical in appearance exhibited different behavior to>yard 
the light. Radiation of wave-lengths shorter than the 21 50 A line is required for 
the change from red to blue. In a tannin sol, there was a slight but definite 
increase of the refractive index as the sol became blue. It decreased again as 
the sol was peptized by the radiation. The changes were even less in a hydrogen 
peroxide sol. The conductivity changed in a similar manner to the extent of about 
0.3 per cent. These effects were attributed to changes in the amounts of stabil- 
izing ions adsorbed. As more ions appeared in the solution in the first part of the 
irradiation, fewer were adsorbed and the stability was decreased. The absorption 
spectrum of the sol proved one of the most sensitive indicators of the changes 
taking place. Conductance titrations with silver nitrate indicated an increased 
concentration of chloride ion in the bulk of the solution in the blue sol and a return 
to the original concentration in the peptized red sol. Although the original and 
the red final states appeared to be identical, it was evident from the photochemical 
indifference of the latter that they are in fact different. This was also apparent 
from spectrograms in the far ultraviolet, since the peptized sol no longer absorbed 
the effective radiation. It is possible that when peptization had been effected, the 
ions were more firmly associated with the complex : this would account for the 
greater stability toward light as well as for the lack of absorption bands in the 
effective region.^®® 

It has been shown by Murphy and Mathews’*'® that the electrical conductivity 
of arsenic tri sulfide hydrosol increases upon exposure to light, the rate of change 
increasing somewhat with decreasing concentration of the colloid. 

According to Freundlich and Moor,^®’^ a mixture of silver and arsenious sul- 
fide sols undergoes in the dark a change of color from a golden-brown through 
greenish-brown to lilac, and, with exposure to light, through green to a golden- 
brown. Both changes are prevented in the presence of a gelatin gel. The reaction 
in the dark is regarded as a direct interaction betv^cen the particles of the two 
sols. The secondary change under the action of light is purely chemical and 
involves oxygen and the probable formation of a silver thioars^ite. Horiba and 
Baba find that on illumination, arsenious sulfide and Congo red sols, but not 
ferric or chromic hydroxide sols, exhibit increased osmotic pressure. Colloidal 
cuprous hydroxide, formed by boiling cuprous chloride or bromide with aqueous 
gelatin, is photosensitive in the presence of acid.’®® 

The reactions of gold and silver sols with arsenic and antimony Irisulfide sols 
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iwrc photosensitive.^^® Rapid color change is produced by sunlight and the product 

found to consist of metallic sulfides, free sulfur and arsenious or antimonious 

acids* 

Krestinskaya found arsenious sulfide sols to be rendered more stable toward 
the barium ion by exposure to light. Sols of different concentrations and compo- 
sitions were, however, affected differently in respect to the coagulating action of 
Other ions. According to Joshi, Barve and Desai,^^^ exposure of an arsenious 
sulfide sol to light, the charge on the particles decreases, the conductivity increases, 
the total sulfur decreases, the stability to potassium chloride passes through a 
maximum, and the stability to magnesium chloride decreases continuously. These 
effects are attributed to the hydrolysis of the sulfide to arsenious acid and hydrogen 
sulfide, the latter yielding sulfur dioxide, sulfur and pentathionic acid. 

Boutaric and Bouchard found the time of coagulation of arsenious sulfide 
and other sols by electrolytes in the presence of fluorescein, eosin or erythrosin, 
was in all cases decreased by illumination, the effect being greater in ultraviolet 
than in visible light freed from infrared. Potassium sulfate and sulfuric acid, 
which inhibit the fluorescence of the dyes, also suppress the effect of the light. 
The light had no effect in the absence of the fluorescent compounds, and the dyes 
did not affect the sols in the dark. The difference between the time required for 
flocculation in the dark and in daylight or ultraviolet light is proportional to the 
logarithm of the fluorescing power of the mixture of fluorescein and added elec- 
trolyte, if any. Tannin, hydroquinone, phenol and cresol in the presence of lithium 
chloride also reduce both the fluorescing power and the shortening of the floccula- 
tion time. Eosin and erythrosin which have absorption bands close to that of 
fluorescein, reduce its fluorescence and also reduce its effect on the flocculation 
time. The difference in the time required for flocculation in the dark and in ultra- 
violet light is reduced from 60 to 15 minutes by 0.05 per cent Direct- Scarlet solu- 
tion. A number of colorless substances which fluoresce in the ultraviolet were also 
found effective. Among these are esculin and a number of naphtholsulfonic acids. 

X-rays, ultraviolet radiations and a-rays cause the coagulation of sols of cerium 
hydroxide and albumin, and the inversion of cane sugar solutions, according to 
Fernau.^^^ 

Berlin blue hydrosols are decolorized and coagulated by visible and ultraviolet 
light. The time of flocculation by irradiation is proportional to the layer thickness 
and sol concentration ; the optimum wave-length is 4200A.^4® Lai and Ganguly 
found, however, that Prussian blue and gum mastic sols were not coagulated by 
the full radiation of the quartz mercury arc, although various sulfide sols (arsenic, 
cadmium, antimony, and ferrous), metallic sols (platinum, silver and gold), sulfur 
sols, hydroxides (cerium, thorium, ferric) were affected. The pH of the sols 
varied during exposure, some increasing and some decreasing. Coagulation was 
attributed to the destruction of stabilizing agents by the action of the light. These 
observations were extended by Miss Roy.^^*^ Sols of stannic, aluminum and 


Bhatnasrar, S, S., Yajnik, N. A., and Zadoo, V. D., Quart. J. Indian Ckem. Sac., 4, 209 (1927); 
Chant. Aba., 21, 3514 (1927), 

Ml Krestinskaya. V., Kolloid^Z., 66. 58 (1934); Chem. Aha., 28, 1909 (1934). 

Joshi, C, B., Barve, P. M., and Desai, B. N., Current Set., 3, 105 (1934); Chem. Abs., 29, 22 
(1935). 

i»Bontanc, A, and Bouchard, J., Con^t. rend., 192, 95, 357 (1931); 193, 45 (1931); 194, 1245 
(1932): Bull Soc. Chim., 51, 757 (1932); Pospelov, A., and Pospelova, K., J. Phys. Chem, (U.S.S.R.), 
\ 52 (W4); CKem Abs., 28, 4315 (1934). f lu.o.o.sv.y, 


'MVetmu, A., KoUold-Z., 33, 89 0923)-, CKem. Abs„ 17, 3837 (1^23). 

o., KoUovd-Z., tt. « U93JV, Clwm. ^bj., ». 1600 UWV 

itd^nChL,^'^ *’ <1929); Chem. Abe.. 2*, 540 (1930). 

S.. /. Indtan Chem. Soc., t. 431 (1929); Chem. Abe., 23, 48«S (1929). 



PMOTOCmmCAL RBACTIONS OF INORGANIC SOLWS J91 


thorium hydroxides, of antimony, arsenious and mercuric sulfides, acquired 
increased conductivity after exposure, although uranium and cupric ferrocj^anide 
sols did not. She found a short exposure to increase the stability of arsenious 
and antimony sulfides and uranium and cupric ferrocyanjdds, but on longer expo- . 
sure all became less stable, and sols of antimony sulfide, mercuric sulfide and 
uranium ferrocyanide coagulated completely. 

Heller has considered the case in which the photochemical action is on 
the adsorbed electrolyte; coagulation is then probably due to the critical diminu- 
tion of the double layer and the effect of light should be expected to be greater 
as the double layer is initially weaker. Sols of ferric oxide obtained by hydrolysis 
of ferric nitrate were dialyzed for three to twenty-five days and examined magneto- 
optically after varying periods in darkness followed by exposure to diffused light. 
The rate of growth of size of particles decreased with the time in darkness, but 
increased again on exposure to light, the increase being greatest in the sols longest 
dialyzed and so least stable. 

Emulsions of benzene, benzine and carbon disulfide in water with sodium oleate 
as the emulsifier separated into two layers when irradiated with ultraviolet light.^^® 
The pH of the illuminated emulsion increased, indicating that its breaking was due 
to the partial destruction of the emulsifying agent. 

Effects of Irradiation on Liesegang Ring Formation. Light of short wave- 
length is reported by Davies to aid in the production of colored bands of 
colloidal gold in silicic acid gels containing gold chloride and various reducing 
agents. The w^ork was extended by Cadenhead^®^ to include the effects of x-rays. 
Both workers agree that the banding on reduction to colloidal gold is not a true 
Liesegang phenomenon. It has been observed ^*^2 that the passage of a beam of 
light through soil or kaolin suspensions contained in a rectangular tank causes the 
suspensions to stratify, the layers running parallel to the surface. The distance 
between the successive strata appears to vary with the wave-length of the light, 
but the strata produced by white light are quite sharp. The stratification persists 
while the illumination is continued, and slowly disappears when it is cut off. 

Blair points out that in gels in either intense white light or complete dark- 
ness there is irregular Liesegang ring formation, which persists even after lique- 
faction and resetting. Ultraviolet rays from a quartz mercury lamp in a few hours 
render a gel incapable of Liesegang ring formation, but this effect does not persist 
after liquefaction. 

Ultraviolet radiations cause a marked disturbance in the rings formed round 
a drop of silver nitrate solution placed on a film of setting gelatin. X-rays and 
radium have no effect. The radiation restrains the primary rings and prevents 
the formation of secondary ones.^^® In the case of silver chromate-gelatin,^®® 
visible light causes the number of bands to increase and the distance between them 


Heller, W., Compt, rfnd., 199, 723 (1934). 
i^Sinha, P. C., and Ganguli. P. B., KoUoid-Z,, 54, 147 (1931). 

Davies, E. C. H., Am. Chem. Soc., 45, 2261 (1923). 
a^Cadenhead, A. F. G., Can. Chem. Met., 10, 201 (1926); Chem. Abs., 20, 3390 (1926). 

Morrison, C. G. T., Proc. Roy. Soc. London, 108A, 280 (1925). 

Blair. G. W. S., Phil. Mag., 49, 90 (1925). 

a^riu^et, J.. and Kofman, Compt. rend. soc. biol., 104, 1001 (1930); Chem. Abs., 25, 3245 (1931); 
see also Hatsenek, E., Kolloid-Z., 37, 297 (1925) ; Proc. Roy. Soc. London, 96A, 496 (.1921) lot almvlar 
observations on lead chromate bands. 


Kofman, T,. /. ckim. phys., 29, 586 (1932); Compt. rend., 208, 567 (1939). 

^Is^ura, T., Bull. Chem. Soc. Japan, 8 , 108 (1933); Chem. Abs., 27, 4 1 52 (1933); Tahoury, M.-F.. 
Wlot, M., Compt rend., 205, 45 (1937). See also Teft, R., and Hill, J. W., Trans. Kansas 
33, 57 (1931) for some effects of light on the formation of banded precipitates of mercuric 

lOuiue. 
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to shorten. Ultraviolet rays retard the formation of rings, which are finer and 
closer together tlm in the dark. Nikiforov and Lemeche believe the pres- 
sure’* of Liesegang’ rings directly proportional to the light intensity. The numl^r 
of rings per unit of distance increases under both ultraviolet and diffused daylight. 
Similar observations have been recorded by Miyamoto.^*^® Chloride ions in definite 
concentrations seem to be necessary for light to have an effect on the production 
of the rings.^®® 

It is held by Alekseevskii that tlie adsorptive power of active charcoal and 
of silica gel is increased by irradiation with ultraviolet rays. 

Nikiforov, V.-K., /. chim. phys., 32, 585 (1935). Nikifojov, V.~K.. and Lemeche, M -R.. Ihtd., 
33, 250 (1936) 

Miyamoto, S.. Koltoid-Z., 78, 23 (1937). 

’»K6hn, M., and Mainzhausen. L, Kofloid-Z., 79, 316 (1937) 

Alekseevskii* E. V., /, Russ. Phys.-Chem. Soc., 60, 1173 (1928); Chem Ahs , 23, 23 67 (1929). 
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Chapter 22 

The Reactions of Organic Compounds. 
Aliphatic Series^ 

A very considerable body of empirical information has been accumulated 
regarding the photochemical behavior of a wide range of organic compounds, in 
large part due to the pioneering observations of Ciarnician and Silber on the effects 
of prolonged expf)sures to sunlight and of Berthelot and Gaudechon on the effects 
of ultraviolet light. Unsaturated hydrocarbons rayed with ultraviolet undergo 
stereoisomeric transformations or polymerize. Alcohols, aldehydes and ketones 
decompose into carbon monoxide, hydrogen and hydrocarbons under some con- 
ditions. Acids may yield carbon dioxide and a hydrocarbon, with some carbon 
monoxide and hydrogen. Dibasic acids readily lose carbon dioxide, leaving mono- 
basic acids. Keto acids react in ultraviolet when heated. 

The theoretical interpretations of this behavior and its relation to the absorp- 
tion spectra of the compounds studied has been most advanced in the case of the 
aldehydes and of the interconversions of geometrical isomers. 

Saturated Hydrocarbons 

The ultraviolet absorption spectra of the saturated hydrocarbons lies in the 
extreme ultraviolet. This accounts for the observed inertness of these compounds 
to the ordinarily available ultraviolet radiations.^ 

Methane is unaffected by the radiations between 2300 and 4000A.3 With a 
Harteck xenon lamp giving 3x 10^^ quanta per second, the 1469A line is 13 per 
cent and the 1295 A line 100 per cent absorbed by a 30-mm. layer of the gas at 
atmospheric pressure."^ 

The methane is decomposed in the primary process into methyl radicals and 
hydrogen atoms, the final products being hydrogen and acetylene, traces of ethylene, 
ethane and hydrocarbons with three to five carbon atoms. 

Leighton and Steiner ^ also state that the radiatiqn from a hydrogen discharge 
tube transmitted by a thin fluorite window decomposes methane with a quantum 
yield of the order of unity. They identified hydrogen and possibly ethylene in the 
approximate molecular ratio of four to one. 

According to Tolloczko,® ethane irradiated in quartz with rays of \vave-lengths 
between 2300 and 4000A gave a small amount of a light colorless condensate, 
composed of a mixture of hydrocarbons, mostly hexane; the gas contained hydro- 

^ For a general review, see Bonhoeffer, K, F., Z. Blektrochem , 40, 425 (1934). 

2 Glockler, G., Pfoc, N^at Acad Set, U, 74 (1925); Kemula, W., and Mrazek, S, ICam^t rend., 
195, 1004 (1932)j found methane, ethane and butane not to absorb between 6000 and 1965 A. 

*ToUoczko, S., Prsemysl Chem., 11, 245 (1927); Chem. Ahs., 22, 4380 (1928). 

* Groth, W,, and Laudcnklatis, H., Naturwiss , 24, 796 (1936); Groth, W., Z, phystk. Chem., B38, 
366 (1937): see also Kemula, W., and Dyduszynsk), A., Racsntki Chem., 17, 423 (1937); Brit. them. 
Abs. A, 39 (1938). / 

® Leighton, P. A., and Sterner, A. B., /. Am. Chem. Soc., 58, 1823 (1936). 

® ToUoczko, S., loc. cit. 
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gen and methane, Klemenc and Patat*^ claim that pentane suffers decomposition 
and polymerization. The polymerization products take up oxygen, breaking the 
carbcm chain and producing methane and carbon monoxide and dioxide. 

Because of their transparency to ultraviolet rays, the liquid hydrocarbons are 
especially suitable solvents for use in measuring the absorption spectra of various 
organic solutes. Castille and Henri ® have given detailed directions for the puri- 
fication of hexane for this purpose. Samples of hexane prepared by their methods 
transmitted, in 40-mm. layers, to 1900A. Butane prepared by the Grignard 
method may contain an unidentified substance which shows fifteen absorption 
bands between 2206 and 1965 A.® This impurity can be removed by long agita- 
tion with bromine water. In the Schumann regions, heptane and hexane have an 
absorption maximum at 1500A.^® In the unsaturated compounds 1-heptylene, 
2-pentylene, 1-pentylene, trimethylethylene, this is shifted to 1750A. These bands 
are without fine structure and are attributed to the dissociation of a carbon-carbon 
bond. Duncan and Howe state that methane shows true continuous absorption 
in the region between 1450 and 850 A, such continuous spectra being general for 
molecules with tetrahedral symmetry. 

Merctiry-sensitized reactions of ethane have recently been described by Kemula, 
Mrazek and Tolloczko.^^ Butane, hexane and octane are formed together with 
traces of methane. The proportion of butane in the product varies directly with 
the rate of flow and the pressure of the ethane, and inversely with the temperature 
of the receiver. Both the carbon-carbon and carbon-hydrogen linkings are affected. 
When butane is removed by a low-temperature trap, the reaction products, accord- 
ing to Steacie and Phillips, are exclusively methane, propane and butane. The 
quantum yield for ethane decomposed is 0.2.^^ 

Taylor, Morikaw and Benedict found that methane reacts with deuterium at 
40® to 300® C. in the presence of mercury vapor excited by its resonance radiation 
The degree to which the substitution (x'curs depends upon the titne and tempera 
ture of irradiation. Farkas and Melville proposed a chain mechanism for the 
reaction at temperatures over 300° C. : 


D -f XH > DX -f H 

H + D, > HD 4- D. 


The oxidation of methane, methyl chloride and methylene chloride may be sen- 
sitized to light of the wave-length 4360A by chlorine,^® The products from each 
of these compounds include carbon monoxide and hydrogen chloride, as well as 
small amounts of water, phosgene and several heavy volatile organic compounds. 
The quantum yield varies from 80 for methane to 800 for methylene chloride. 


^Klemenc, A., and Patat, F., Z. phystk Chem., 149A, 449 (1930) 
rend., 155, 403 (1912); /. Chem. Soc., 102, II, 986 (1912). 


; see also Landau, M., Compt. 


» Castille, A, and Henri, V., Ball. Soc. chvm. hiol., 6 , 299 (1924); the observations of Urbain, E, 
and Seal, C., [Compt. rend,, 168, 887 (1919)] on the decomposition of saturated liquid hydi ocarbons b> 
ultraviolet rays may have been due to the presence of impurities. 


» Kemula, W., and Mrazek, S , he. cit. 

Carr, E. P., and Stucklen, H., Helv. Phys. Acta, 6, 261 (193.3). 

Duncan, A, B. F., and Howe, J. P., J. Chem. Physics, 2, 851 (1934). 

Kemula, W., Mrarek, S., and Tolloczko, S., Chem. Listy, 26, 466 (1932); Chem Ahs 27, 3142 
(1932). 

^Steacie, E. W. R., and Phillips, N. W F., J. Chem. Phys, 6, 179 (1938). 

Taylor. H. S., Morikaw, K,, and Benedict, W, .S., J. Am. Chem, Soc., 57, 383 (1935); J. Chem. 
Phys., 5, 212 (1937). 

Fj«ci»8, A., and Melville, H. W., Proc. Roy. Soc., 157 A, 625 (1936). 

^Brenacbede, W., and Schumacher, H. J , Z. phystk. Chem., 177A, 245 (1936), 
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These are all chain reactions, involving the formation of intermediate, short- 
lived peroxides. Methane and methyl chloride also suffer chlorination to methylene 
chloride, some molecules of which on colliding with chlorine atoms form the 
CHCI 2 radical This, reacting with oxygen, goes through various intermediate 
compounds to carbon monoxide and hydrogen chloride. The reactions of methane 
and methyl chloride, but not that of methylene chloride, are inhibited by an excess 
of oxygen.^ 

Cyclopropane undergoes a mercury-sensitized photochemical pol 3 rmerization 
to a colorless oil of high boiling point under the influence of the resonance line of 
mercury.^® The L G. Farbenindustrie A.-G claims the conversion of cyclo- 
hexanone into caproic acid by irradiation. 

Alkyl Halides 

Absorption Data. The absorption of methane is gradually shifted to longer 
wave-lengths as the number of halogen atoms introduced is increased.®® How- 
ever, most alkyl halides absorb but slightly. The bromides absorb more and at 
longer wave-lengths than the chlorides, methyl bromide absorbing nearly as well 
as carbon tetrachloride. The foot of the absorption curve of carbon tetrabromide 
approaches the visible spectrum. The iodine compounds absorb still more readily, 
iodoform absorbing in the visible portion of the spectrum. 

Herzberg and Scheibe®^ found methyl iodide, bromide and chloride to show 
continuous absorption bands, with maxima at 2500, 2000, and 1750A, attributed to 
dissociation of llie molecule into the methyl group and a halogen atom, one of the 
products being in an excited state. Iredale and Mills found the energies of the 
carbon-to-iodine and carbon-to-bromine linkings, as calculated from the long 
wave-length limits of the continuous bands, to be in good agreement with the 
values calculated from the heats of combustion.®® 

Hukumoto,®** who made similar calculations, reported data on the continuous 
absorption spectra of about forty alkyl halides. The iodides exhibited two or three 
absorption regions, the one with longest wave-lengths corresponding to a decom- 
position into a normal alkyl radical and an iodine atom in the metastable 2 ®Pi /2 
state. The excess energy in the second and third continuous absorption regions 
was thought to be associated with excitation of the alkyl radicals. 

Parti and Samuel interpret the absorption spectrum of methyl iodide as 
involving a simultaneous loss of a hydrogen and an iodine atom. They pointed 
out that the beginnings of the first selective absorption of twelve alkyl halides agree 
with the estimated encrg>^ differences D (CX 4 ) — D {CX^) * This viewpoint, based 
on an analogy with the behavior of the tin halides, appears to involve a consid 

” Schumacher, H. J., Z. Elektrochem., 42, 522 (1936). 

^ Harris, L., Ashdown, A. A., and Armstionj?, R. T., /. Am. Chem. Soc., 58, 852 (1936). 

^1. G. Farbenindustrie A.-G, British P. 314,267, 1928, 

Lowry, T, M , and Sass, R B , / Chan. Soc , 622, 1926. 

»iHerzbcrtr, G., and Scheibe, G., Trayis Faraday Soc., 25, 716 (1929), Z. phvsik. Chem., 7B, 390 
(1930). 

2* Iredale, T., and Mills, A. G., Proc. Roy. Soc,, 133A, 430 (1931). See also Z. physik. Chem., 
20B, 340 (1933). 

For details of the calculation of the heats of dissociation of the carbon-halog;cn bond by this method, 
see also Sen-Gupta, *P. K., Bull, acad. Sci. United Provinces Agra Oudh, India, 2, 115 (1933); Chem. 
Abs., 27, 3668 (1933). 

»* Hukumoto, Y., Phys. Rev., 42, 313 (1932); Science Repts. Tohoku Imp. Univ. First Ser., 22, 
13 (1933); 21, 906 (1932). Data on methyl bromide are given by Fink, P., and Goodeve, C. F., Proc. 
Roy. Soc., A163, 592 (1937). 

* Parti, Y., and Samuel, R., Current Sci.. 5, 366 (1937); Chem. Abs., 31, 3385 (1937); Bcrgmann, 
E., and Samuel, R., Nature, 141, 832 (1938). 
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erable revision of the current theories of the photochemical processes in which the 
alkyl halides participate. 

As determined by Saha, who obtained the limit of continuous absorption from 
spectrograms by the method of Iferzberg and Scheibe, the wave-length limits and 
their values in kcaL for the C — Cl bond are in carbon tetrachloride, 2b00A, 102, 
in chloroform, 2660A, 107.S, and in methylene chloride, 2500A, 114.4 kcal. These 
results are considered as in good agreement with those calculated thermochem- 
ically, if allowance be made for uncertainty as to the energy state of the carbon 
atom,®^ 

The alkyl halides also exhibit discontinuous absorption beginning at 2010, 
178S and 16(X)A for methyl iodide, bromide and chloride, respectively, according 
to Herzberg and Scheibe.^® The discontinuous bands are considered to indicate 
transitions into several excited electronic states.^® 

Reactions. Although early observers made frequent reference to the decom- 
position of alkyl halides in light, Stobbe and Schmitt showed that the effects 
noted in daylight were due to an oxidation. In the absence of oxygen the halides 
are relatively light-stable. They did, however, show that a photochemical libera- 
tion of bromine from ethyl bromide occurs in the short wave length ultraviolet to 
a slight extent. Similar reactions occur also with the iodides, isopropyl iodide 
being less stable than either «-propyl, ethyl or methyl iodides. 

The products formed when ethyl iodide is photochcmically decomposed in the 
absence of oxygen include, according to Emschwiller and Job,^^ besides iodine, a 
gas composed principally of ethylene and ethane, with smaller amounts of butane 
and hydrogen. The formation of the butane could be explained as due to a com- 
bination of two ethyl radicals liberated in the primary process. The ethylene and 
ethane were accounted for by assuming that the primary process for the most 
part consists in a simultaneous loss of both hydrogen and iodine atoms from the 
ethyl iodide as hydrogen iodide, leaving ethylene. (The ethane might then arise 
by combination of ethylene with hydrogen produced by the photfxlecomposition of 
the hydrogen iodide.^^) In similar fashion, propyl iodide yielded propylene and 
propane, normal, secondary and isrilmtyl iodides gave butylene and butane, and 
methyl iodide ga\e methane Tertiary butyl iodide gave propylene and propane, 
ethylene and ethane. In these experiments the alkyl halides were irradiated as 
liquids. Emschwiller believed both the hydrogen and the iodine atoms to be liber- 
ated from the same carbon atom, the residue rearranging to gi^e the olefine. He 
also believed studies of the photochemical oxidation of the alkyl halides to corrob- 
orate this conception, methyl iodide, ethyl iodide and i'^oproj^yl iodide giving 
formaldehyde, acetaldehyde and acetone, respectively.^** It may be noted that 
Emschwiller's conception of the primary process is in agreement with that of Parti 


Saha, N. K., Bull. j4cad. Sci, United Provinces Agra Oudh, India, 2, 2^3 (1933); Chem, Abs., 
27, 4733 (1933). For further data on other halides, see Kctimfin, T? A , S.'inuiel, R , and Sharf-ud-Oin, 
Indian I. Physics. 8, 537 (1934); Price, W. C., Pkys. Rev, 47, 419 (1935), J. Chem, Physics, 3, 365 
(1935); 4, 547 (1936) 

^ For the absorption spectra of more complex halides, see Fnknmotn, Y , Sricnce Rvbts. Tohoku 
Imp. Univ. First Seiies, 23, 62 (1934), 


Also Scheibe, G., Povenz, F., and Lindstrora, C. F., Z. phystk. Chem., 20B, 283 (1933). 

»Sec also Henrici, A., Z. Phystk, 71 ^ 35 (1932) and for the theoretical interpretation of the methyl 
iodide bands, Mulliken, R. S., Phys. Rev, 47, 413 (1935), and Porret, D, and Goodeve. C. F.. Trans, 
Faraday Soc., 33, 690 (1937); Proc. Roy. Soc., A165, 31 (1938). 


wSchoorl, N., and Van den Berg, L. M., Pharm. Weekhlad , 43, 218 (1906); Benrath, A., Annalm 
382, 222 (1911). 

» Stobbe, H., and Schmitt, P., Z. wiss. Phot., 20, 57 (1920). 

*8 Emediwillcr, G., and Job, A., Compt. rend, 179, 52, 168 (1924). 


*» Emschwiller, G., and Job, A., Compt. rend., 192, 799 (1931); 193, 1003 (1931). 
Emschwiller, G., and Job, A., Ann. Chim., 17, 413 (1932). 
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and Samuel, although the latter workers do not postulate a rearrangement of the 
radical with divalent carbon to an olefin. 

On the other hand, Bates and Spence believe the primary process, at least, 
in the case of gaseous methyl iodide, to consist solely in a simple dissociation into 
a free methyl radical and an iodine atom.^® They also support this by a study of 
the reaction occurring in the presence of oxygen. In this case the methyl radical 
may react with oxygen to produce formaldehyde and an hydroxyl radical. The 
latter, on reaction with a fresh methyl iodide molecule yields methanol and an 
iodine atom. Methanol (two molecules) and formaldehyde may then react to 
produce methylal, (CH 30 ) 2 CH 2 i and water. Furthermore, Spence and Wild*^ 
found the irradiation of pure methyl iodide in the abwSence of oxygen to yield no 
hydrogen iodide. Small amounts of methane, ethane and iodine were formed.®* 
The presence of free methyl radicals in the photochemical decomposition of methyl 
iodide vapors has been recently demonstrated by the ortho-para hydrogen conver- 
sion test for the presence of paramagnetic substances.^® 

In his earlier work, Emschwiller believed that a critical threshold wave-length 
for the ethyl iodide and methyl iodide decompositions had been observed at 4 100 A. 
In later observations, however, he gave up the concept of the existence of a 
threshold value since he had found the absorption curve of ethyl iodide to vary with 
the temperature, being shifted toward the visible by about 12A per 10° 

The quantum yields obtainable under various conditions have been a matter of 
controversy. Bates and Spence found that methyl iodide vapors, when irradi- 
ated in the continuum, gave the very low quantum yield of 0.02. It was slightly 
greater (0.05) in hexane solution. Spence and Wild"*® put the yield of methane 
from methyl iodide vapor at 0,032, that of free iodine being half as great. Calcu- 
lated as methyl iodide destroyed, the quantum yield is at least 0.06. Higher 
iodides arc probably formed. The reaction is not affected by the addition of 
hydrogen or nitrous oxide. 

Very similar results have been recorded for ethyl iodide, althougli Emsch- 
willer gave yields at high temperatures for ethyl iodide seventeen or more 
times as great as for methyl iodide. Norton found for liquid ethyl iodide the 
values 0.315 at 3130A, 0.38 at 2654A and 0.41 at 2S37A. The higher yields of 
about unity reported by Iredale were believed to have been due to the presence of 
some oxygen. 

Bates, J. R, and Spence, R., J. Am. Chem. Soc., 53, 38i, 1689 (1931), Trans. Faraday Soc , 27, 
468 (1931). 

A general discussion of free radicals in organic photoprocesscs is due to H. S. Taylor, J, Pkys, 
Chem., 42, 763 (1938). 

Spence, R., and Wild, W., Proc. Leeds Phil. Lit, Soc., Sci. Section, 3, 141 (1936), Chem. Abs., 30, 
2849 (1936). In the presence of hydiogen iodide, methyl iodide yields iodine with a quantum yield of 
two, according 1o Iredale, T., and Stephan, D., Trans. Faraday Soc., 33, 800 (1937). 

Jones, L. T., and Bates, J. R., [/, Am Chem. Soc., 56, 2285 (1934)1 found the kinetics of the rapid 
photooxidation of ethvi iodide to differ from that of methyl iodide. Acetaldehyde and ethanol were pro- 
duced. A mechanism involving the intermediaty formation of ethyl peroxide was proposed, but the 
ob.servation of small deviations in the rates from those expected suggested the reaction to be one of great 
complexity. 

®^West, W., J. Am. Chem. Soc., 57, 1931 (1935). It also is found in the acetone decomposition, but 
negative tests were obtained m the irradiation of benzene and of propionaldchyde vapors. 

^ Job, A., and Emschwiller, G., Compt. rend., 179, 52,168 (1924). 

*iJol). A., and Emschwiller, G., Compt. rend,, 190, 741,866 (1930); Ann. Chtm., 17, 413 (1932). 

Bates, J. R., and Spence, R., J. Am. Chem. Soc., 53, 1689 (1931). 

Spence, R.. and Wild, W . Proc. Leeds Phil. Lit. Soc., Set. Section 3, 141 (1936); Chem. Abs., 30, 
2849 (1936). 

** Norton, B. M., /. Am. Chem Soc , 56, 2294 (1934). 

^Iredale, T., J. Phys. Chem. 33, 290 (1929). It must be noted, however, that Gibson, K. E., and 
Iredale, T. iTranj. Faraday Soc., 32, 571 (1936)3 have found a value of unity for benzene solutions of 
methyl iodine in the absence of oxygen in recent redeterminations. The same value was given by ^-butyl 
iodide. In alcohol, methyl iodide gave values greater than one. Furthermore, iodoform in benzene gave 
a value of one in the absence of oxygen and higher m its presence. In alcohol, the yields seemed higher. 
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West and PauH® found the quantum yields in hexane to be a constitutive 
property of the alkyl group, varying from a few hundredths in the case of methyl 
iodide to slightly over one for isopropyl iodide for the wavelength 261 OA.^'^* The 
yield increases somewhat with decreasing wave-lengths between 3130 and 2610A, 
the ratios differing, however, for each of five iodides studied. They concluded 
a direct recombination of the iodine atom and the free radical to be the cause 
of the low yield for methyl iodide. (The non-dependence of the yield on the con- 
centration made it seem that the reaction CH3 + CH3I CoHo I is uncommon. 
Similarly, the reaction between an iodine molecule and a free methyl radical was 
thought to be infrequent because of the zero order of the reaction in its early 
stages.) Accordingly, it was suggested that the values of the quantum yields 
shown by the various halides might give directly the relative probabilities of recom- 
bination of the various alkyl radicals with atomic iodine. If this be admitted, the 
order of reactivity of the alkyl radicals would be methyl >allyl> vinyl > ethyl > 
propyl > isopropyl. 

West and Ginsburg^® found that, although in the pure liquid state or in 
hexane solution, ethyl iodide decomposes with a quantum yield of 0,6, in the 
vapor state the quantum yields at 2600A in the continuum are very low. 

They also made observations of the quantum yields at the beginning of the 
short wave-length region of banded absorption at 2026A. In the vapor at 45 or 
90 mm. pressure at 30*^0., the yield was 0.1. At 0.1 mm. it was definitely lower, 
and was also lower than that of the reaction produced by this wave-length in 
condensed phases, the yield in the liquid being about 0.24. In the short wave- 
length region, interaction between excited molecules and normal molecules 
seemed the predominant mechanism. 

Especial attention was paid, by West and Schlessinger,"^^ to the products other 
than iodine. They found that at 2537A methyl iodide yields mostly methane and 
small quantities of ethylene and ethane, and that more than a third of the iodide 
decomposed appears as methylene iodide. Addition of silver foil increases the rate 
of reaction about fortyfold, yields all the iodine as silver iodide, and causes the 
gaseous products to consist mostly of ethane with some ethylene but much less 
methane than in the absence of silver. Ethyl iodide at 2537 A gives ethane and 
ethylene in comparable proportions. At 2()26A, small amounts of methane and 
hydrogen are also formed. Silver increases the reaction rate but does not affect 
the nature of the products. Inert gas up to 40 atmc)spheres increases the iodine 
yield linearly with the density of inert gas to values approaching one-third the 
yield in inert liquid solvents. The primary process forms iodine atoms and alkyl 
radicals. Recombination of these, which may occur as a bimolecular process, is 
the most rapid secondary process and accounts for the low quantum yields. Most 
of the net change is due to the reaction : 

R' 4- R"H J R'H + R'lil 

This predominates over the association of R to Ro and T to 1^;. The ((uaiitum 
yield of w-propyl iodide vapor at 2026A is lower than that of ethyl iodide; the 
yields for isopropyl iodide at 2610 and 2026A are 0.17 and 0.43, respectively. 

<«West. W., and Paul, B.. Trans. Faraday Soc., 28, 688 (1932). 

Note also Burke, K. A., and Donnan, F, G., J. Chrm. Soc., 85, 574 (1904). 

♦’•Norton also notes that the quantum yield increwses in various alkyl halides as the chain is length- 
ened. m$ the central carbon atom is altered from pamary to tertiary and as halogen atoms aic progres- 
sively ii^0duccd, 

"West, W., and Ginsburg, K., f. Am. Chem. Soc., 56, 2626 (1934), 

••West, W., and Schlessingcr, L., J. Am. Chem. Soc,, 60, 961 (1938). 
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According to Maynard,*^® the direct union of metallic mercury and methyl 
iodide is not hastened by ultraviolet rays but is accelerated by a specially arranged 
arc light. The reaction is preceded by the formation of a small amount of mer- 
curous iodide. If the latter is irradiated together with mefhyl iodide, methyl iner-‘ 
curie iodide is formed rapidly. Although the action of metallic mercury is not 
encountered in the case of the other alkyl halides, the use of mercurous iodide 
makes possible the extension of the reaction to higher iodides and even to 
benzyl iodide. 

Ramart-Lucas and Salmon-Legagneur find ultraviolet light capable of 
converting isobutyl bromide into fcr^-butyl bromide, and propyl bromide into 
isopropyl bromide without any trace of dissociation occurring. 

Irradiation of the vapor of methylene iodide and oxygen by the quartz mer- 
cury arc yields such products as carbon monoxide, hydrogen, iodine, formalde- 
hyde, formic acid and ethylene glycol. The quantum yield with respect to iodine 
is 1,45 for light of wave-length 3 100 A. Gregory and Style suggest CH2, 
CH2O2 and (CH20)2 as intermediates, the two latter substances changing into 
formic acid and formaldehyde, respectively. Emschwiller finds iodine pentoxide 
to be formed particularly while some of the methylene iodide remains unattacked; 
it may result through the intermediary formation of peroxides of formaldehyde, 
formic acid, or possibly of methylene iodide. 

According to Kaufmann,*^^ trans- and m-a,j0-diiodoethylene and a,a'-diiodo- 
ethylene are decomposed with liberation of iodine when their ether solutions are 
exposed to ultraviolet, the velocity of the reaction in the first being approximately 
twice as great as that in the other two cases. 

Solutions of ethylene iodide in carbon tetrachloride begin to absorb at 3600A, 
the absorption increasing at shorter wave-lengths. DeRight and Wiig®® found 
the rate of the direct decomposition due to the absorption of the wave-lengths 
3130 and 3030A approximate!}'' proportional to the absorbed energy. It increased 
slightly with increasing concentrations of the ethylene iodide, reached a definite 
maximum after the attainment of a certain amount of decomposition, and was 
reduced by the addition of iodine. The primary decomposition was assumed to 
yield atomic iodine and C2H4I. The quantum yield was 0.76 and the temperature 
coefficient 1.05. Emschwiller observed®'^ that vinyl iodide, irradiated 124 hours 
by a mercury vapor lamp, gave acetylene, ethylene and iodine and, in the presence 
of oxygen, also formed droplets of liquid containing formic acid, formaldehyde 
and CH20H-CHO. He suggested a different mechanism for the decomposition 
of asymmetrical ethylene diiodide : 

2CH, = Ch > -f CJ. 4- 2HI. 

CH« = CU + HI =► CHaCIs. 

He also found that although CPU = CHI is not oxidized in ultraviolet light, its 
asymmetrical isomer is completely oxidized with the formation of formic acid, a 

“ Maynard, J. L., Science, 56, 492 (1922). 

Ramart-Lncas, Mme., and Salmon-Legafirnear, F., Compt, rend., 186, 39 (1928); see aho Emschwil* 
ler, G., Ann. Ckim., 17, 413 (1932). 

Gregory, R. A., and Style, D. W. G., Trans. Faraday Sac., 32, 724 (1936). 

Emschwillei , G., Compt. rend, 206, 746 (1938). 

“ Kaufmann, H. P., Ber., 55, 249 (1922). 

“DeRight, R. E.. and Wiig, E. O., /. Am. Chem. Sac., 57, 2411 (193 5). 

“Emschwiller, G., Compt. rend., 198, 1151 (1934). 

Emschwiller. G., Compt. rend., 198, 464 (1934). 
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^ace of formaldehyde, iodine and a gas composed of 57 per cent carbon monoxide, 
23 per cent carbon dioxide and 20 per cent acetylene. 

^ iodine-sensitized decomposition of ethylene iodide in carbon tetrachloride 
is discussed by Dickinson and Ntcs.®® Ernschwiller writes for the decomposi- 
tion of diiodoethane, 

CHaCHI* -f hp ^ CH, = CHI + HI 

CT^CHI, + HI > CHiCH J + I. 

Both products then decompose with the separation of iodine, so that the complete 
reaction may be written : 

4CHaCHIa > CaH. + 2 GH 4 4- C.H« 4- 4 I 3 . 

The ethylene then mostly forms ethylene iodide. In the presence of oxygen, both 
diiodoethane and unsymmetrical diiodoethylene are completely oxidized. The 
analogy of structure between diiodomethane and diiodoethane implied by a sim- 
ilarity of decomposition is confirmed by the similarity of their absorption spectra 
and by the rapid photochemical oxidation of diiodomethane. 

Iodoform, although said to be very light-stable in the absence of oxygen, may 
in benzene solution yield some iodine and hydr iodic acid in daylight.®^ Chloro- 
form is also stable, although it exhibits a continuous af)sorption beginning at 
2530A (1 cm. of liquid) or at 2300A (50 cm. of vapor at 1 mm.). was 

unable to detect any decomposition in a static system. In streaming vapor, chlorine 
could not be detected, but hydrogen chloride was formed. There was evidence of 
short-chain reaction, yielding four molecules per quantum absorbed. The 
yield was not affected by the presence of hydrogen. It seemed to be increased by 
nitrogen and was very greatly increased by oxygen, but in the latter case the 
mechanism is doubtless changed. Binz and Hughes have suggested that sodium 
triiodomethanesulfonate, proposed for x-ray work in urological diagnosis, may 
owe its observed toxicity to the ease with which it splits off iodine in light. 

Carbon tetrachloride ^ has been suggested as an actinometric compound for 
standardizing the ultraviolet output of mercury arcs,®'*^ at wave-lengths less than 
about 2650-2750A, but Hymas^^ could not obtain satisfactory results with it. 
According to Benrath and Hertel,«® decomposition may be represented as 

2CCli ^ CaCle 4- Ch 

the reaction occurring in the liquid exposed in an open vessel. In a recent investi- 
gation, Lyons and Dickinson «« found that in the absence of oxygen, pure carbon 
tetrachloride underwent practically no decomposition when exposed to the 2537A 
line, the quantum yields being less than 0.01. In the presence of oxygen, however 
phosgene and chlorine were produced in equimolar proportions, the quantum 
yield being close to unity. 

»» Dickinson, R. G., and Nics, N. P , r Aim Chem Soc., 57, 2382 (193'?). 

Emscliwiller, G,, Compt. rend,. IW, 854 (1934). 

Dubrisay, R , and Emschwiller, G., Compt. rend., 195, 660 (1932) 

D. G., /. Am. Chem. Soc., 54, 32 (1932); see also Massol G a e- ^ 

159, 314 (1914); Bull. soc. chim., 19, 350 (1916), "lassoi, o., and Faucon, A., Compt. rend., 

A., and Ilusrbes, B,, Bet., 68B, 1513 (1935). 

«» MacKetizie, T. C., and King, A. A., ^‘Practical Ultraviolet Light Therapy,” New York Wood 1926 
•^Hytnas, F. C, Quart. J. Pharm. 2, 281 (1929). ’ 

•“J^enrath, A., and Hertel, E., Z. wiss. Phot., 23, 30 (1924) 

« Lyons. E. H., Jr., and Dickinson, R. G.. /. Am Chem. Soc., 57, 44 3 (193 5). 
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Trichloroethylene may be oxidized in the presence of chlorine as sensitizer by 
the 4360 A The yield of dichloro^icetyl chloride is not greater than 95 per 

cent. The rate varies with the light intensity, but is independent of the trichloro- 
ethylene and oxygen concentrations. The quantum yield is about 40 at 95 °. 
peroxide, C2HCI4O2, may be a part of the chain. 

In the case of tetrachloroethane,^^^ the reaction probably consists in a primary 
decomposition into HCl and CHCI2CCI, the latter then reacting with oxygen to 
form dichloracetyl chloride, which is hydrolyzed by moisture to dichloracetic acid. 
Oxygen also removes a hydrogen atom from the original halide, and the CHCI2CCI2 
residues combine to form octachlorobutane. In dry air, a fuming liquid, dichlor- 
acetyl chloride, could be obtained. The reactions were shown not to be due to 
ozone produced by the action of the light upon the oxygen. In the presence of 
nitrogen rather than air, no reaction whatever occurred, not even the evolution 
of hydrogen chloride.*^^* The same was true of the compounds CHCI2CCI3 and 
CQ2=*CHC1. The reaction was therefore assumed to be brought about by activated 
oxygen. Further evidence for this mechanism is found in the fact that the com- 
pound (CH2C1)2 can react, although it does not absorb in the wave-length range 
employed. In the presence of dry oxygen in short wave-length light, it gives 
monochloracetic acid.*^^ 

Attention has been called to a bromine-sensitized photochemical decomposition 
of dibromotetrachloroethane by Carrico and Dickinson. It proceeds as a chain 
reaction with quantum yields which, at low intensities, are independent of the 
intensity, but which fall off at higher intensities. 

There is a bromine-sensitized oxidation of carbon tetrabromide in carbon 
tetrachloride, produced by the 4v360A line, which may be expressed by 

2CBr4 H- 02~>2COBr2 4 2Br2 

Not more than 50 kcal. is re(iuired to remove the first bromine atom. 

Alcohols 

Bielecki and Henri found the absorption of ethyl alcohol to begin at about 
2500 A. 

Several new methods for the purification of alcohol for use as a solvent in absorption 
spectroscopy weie tested by Leighton, Crary and Schipp They found the threshold 
absorption furthest in the ultraviolet for samples which had been allowed to stand for 
one week over active aluminum amalgam, filtered and distilled Their results were in 
general confirmed by Harris, who preferred, however, to modify the method of prepa- 
ration introduced by Castille and Henri by carrying out the final distillation with the 
aid of zinc wool rather than zinc powder. 

Herzberg and Scheibe found that both methanol and ethanol vapors show 

Muller, K. L., :md Schumacher, H J , Z, phyuk. Chem., 37B, 365 (1937). 

« Muller. E., and Luber, A., Bcr . 65B, 985 (1932). 

« Miillcr, E., and Ehrmann. K , Ber., (J9B, 2207 (1936) 

Aromatic compotinds with balo».*en m the «iide chain behave similarly, benytyl chloride slowly chang- 
ing into benzoic acid and CoHnCIICla yielding benzoyl chloride. 

''^Carrico, J. L., and Dickinson, R G, / Am Chem Soc., 57, 1343 (19 3 5). 

Koblitz, W,, Meissner, H., and Schumacher, H J., Ber ^ 70B, 1080 (1937). 

•ra Bielecki, J.. and Henri, V , Ber . 45, 2819 (1912). Compt, rend, 155, 456 (1912). 

Leighton, P. A, Crary, R. W., and Schipp, L T.. J. Am. Chem. Soc., 53, 3017 (1931). 

Harris, L., J Am. Chem. Soi., 55, 1940 (1933). 

Castille, A,, and Henri, V., Bull sac. chtm hwl., €, 299 (1924); Chem. Abs., 18 , 3165 (1924). 

Herzberg, G., and Scheibe. G., Z. pkysik. Chem., 7 B, 390 (1930). 
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continuous absorption beginning at about 2000 A and extending to 1500 A. They 
believed a decomposition into alkyl and hydroxyl radicals to be probable, Terenin 
and Neuimin*^^ find that methanol when decomposed in the Schumann region 
emits bands indicative of the presence of hydroxyl radicals in excited states. 
From studies of the continuous absorption of a number of alcohols in the vapor 
8 tate> Fukumoto reports the energy of dissociation of the carbon to hydroxyl 
bond to vary from 133.6 to 152.2 kcal. per mole for the series from methanol to 
irt-Cj 2 H 250 H. For the isomers of butyl alcohol, no regularity was to be found 
in tihe energy of this bond, although it was at a maximum, 141.9 kcal., in the 
normal alcohol. 

The alcohols arc stable to ultraviolet rays,^® unless the wave-lengths be shorter 
than about 2000A. Methanol and ethanol are decomposed by such wave-lengths.®' 
Methanol gives some formaldehyde, but most is decomposed into hydrogen and 
carbon monoxide. Indeed, the products of the alcohol decomposition are j>aid 
to be about 80 per cent hydrogen and 20 per cent carbon monoxide. (Ethanol 
gives hydrogen and acetaldehyde.) There is as yet no evidence for the formation 
of atomic hydrogen. The quantum yield is between one and two.®® From the 
failure of the para-ortho hydrogen test for free radicals, Patat did not believe the 
primary process could be the dissociation of the carbon-hydroxyl bond suggested by 
spectroscopic observations. 

Elhart and Orth state that goldfish are anesthetized more rapidly in methanol 
or ethanol solutions when these are irradiated because of the formation of alde- 
hyde and acid. 

Cantieni finds that in the presence of oxygen, methanol forms peroxide in 
the absence of water, the presence of which retards its formation. The peroxide 
CH 3 OOH is assumed to oxidize methanol in the presence of ultraviolet light 
with the production of traces of formaldehyde. Peroxide formation occurs most 
rapidly with isoalcohols, rapidly with methanol and more slowly in the remaining 
normal alcohols. In ultraviolet light of longer wave-lengths the rate of forma- 
tion of peroxides increases with an increase in the number of carbon atoms in 
the alcohol, Cantieni also finds glycol to form a peroxide nO-CH 2 CH 202 H, 
This, reacting with excited glycol molecules, gives carbon dioxide, water and 
glycol.®® 

According to Henri and Ranc,®^ glycerol, as such or better in aqueous solu- 
tions, suffered some decomposition, especially in the presence of air. A small 
quantity of a substance giving a positive phloroglucinol reaction for glyceric 
aldehyde was formed. In alkaline solution, ^-acrose was apparently identified 
by means of the phenylosazone. Its amount could possibly be increased by the 

’I® Terenin, A.» and Neutmin, H., Nature^ 134, 255 (1934); /. Chem, Physics, 3, 436 (1935). 

Fukumoto, Y., Natvre, 134, 538 (1934). 

*0 Berthrlot, D., and Gaudechon, H., Compt. rend., 156, 68 (1913); Volmar, Compt. rend., 182, 
1607 (1926). 

Patat, F., Ans, Akad, fViss. Wien. Math-naiursv. Kl., 93 (1933); Chem. Ahs., 28, 6371 (1934); 
Patat, F.. and Hoch, H., Z. Elektrochem., 41, 494 (1935). 

«®Fricke, H., and Hart, E. J., /. Chem. Physics, 4, 418 (1936) believe methanol to give directly 
hydrogen and formaldehyde. 

*»0.8 for ethanol in solution, according to Farkas, L., and Hirschberg, Y., J. Am. Chem, Soc., 59, 
2450 (1937). Isopropyl alcohol yields acetone and hydrogen. One of the hydrogen atoms comes trom 
the OH and the other from C — H. 

** Elhart, W., and Orth, O. S., Anesthesia and Analgesia, 14, 15 (1935); Chem. Ahs., 29, 3401 (193 5) 

«» Ci^antieni, R., Ber., 69B. 1101, 1386 (1936). C/. Milas, N.. U. S. V. 2,115,206-7, April 26, 1938, 

Chem. Ahs,, 32, 4606 (1938). 

Cantieni, R., Z. wiss. Phot,, 36, 116 (1937). 

wftinri, V., and Ranc, A., Compt. rend,, 154, 1261 (1912); Bicrry, H., Henri, V., and Ranc, A„ 
Ibid,, 152, S3S (1911). 
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addition of salts of iron, cobalt or uranium before the irradiation. Formaldehyde 
and acids were also formed.^® Cantieni®® finds glycerol irradiated in solutions 
of various concentrations, to give carbon dioxide ahd water, a peroxidci 
0H*CH2CH(0H)CH200H being postulated as an intermediate product The 
evidence for the formation of the intermediate in this and other alcohol oxidations 
consisted in a titanium sulfate titration. 

The oxidation of ethyl alcohol can be photosensitized by the addition of hydro- 
gen peroxide. The oxidation is a chain reaction of short chain length, com- 
patible with that of the chains postulated in the Haber- Willstat ter mechanism 
of the chain reactions set up in the enzymatic oxidation of alcohol.^^ 

The hydrogen peroxide- sensitized oxidation of mannitol known to Henri and 
Ranc, (l.c.) has recently been studied by Salley.®^ At a constant initial hydrogen 
peroxide concentration, increase in the mannitol concentration causes an increase 
in the rale of absorption of oxygen and a simultaneous decrease in the rate of 
decomposition of the hydrogen peroxide. At a sufficiently high mannitol concen- 
tration, however, the rates of both reactions become independent of the mannitol 
concentration. Since a maximum of two molecules of oxygen can be absorbed 
for each molecule of hydrogen peroxide which disappears, the photosensitized 
oxidation of the mannitol does not appear to be a chain process. In the presence 
of ethylaminc, an inhibitor of the photolysis of hydrogen peroxide, the rate of 
the decomposition of the peroxide in the mannitol mixture is increased. At the 
same time, the rate of absorption of oxygen apparently decreases, probably owing 
to the destruction of the hydrogen peroxide with some evolution of oxygen. 

Ketones and alcohols undergo mutual oxidation in light, according to Weiz- 
mann, Bergniann and nirschberg,®^ who cite the earlier observations. Aceto- 
fihenone and butanol give the pinacol of acetophenone, butanol being dehydroge- 
nated to butyraldehyde. Acetophenone reacts in an analogous fashion with 
cyclohexanol, phenylmethylcarbinol, ethanol and isopropanol. The system cyclo- 
hexanone-cyclohexanol gives but a poor yield of cyclohexanone pinacol. The 
system acetone-butanol gave two isomeric forms of .yy^w-dipropyl glycol, and, in 
the 6rst fractions of the reaction product, butyraldehyde and isopropanol. It is 
assumed that the first step in these processes is the activation of the carbonyl com- 
pound leading to a dt radical form which reacts with the carbinol, splitting the 
C“~H bond and giving two radicals. These subsequently stabilize by symmetrical 
or unsymmetrical dimerization or by a second oxidation-reduction process. 
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A photocatalytic influence of ketones on the velocity of oxidation of ethyl and 
other alcohols was described by Cohen.®® The velocity was found to be inde- 

Henri, V., and Ranc, A., Cotnpt. rend., 151, 316 (1910); Biockem Z., 64, 257 (1914). 
*»Canticnt, R., Ber., 69B, 1796 (1936). 

Taylor. H. S., and Gould, A. J.. /. Am. Ckem. Soc., 55, 859 (1933); J Bkys. Chem., 37, 367 
(1933). 

« Salley, D. J., 7. Phys. Chem., 38, 465 (1934). 

®*Wcizmann, C., Bergmann, E., and Hirschberg, Y., 7. Am. Chem. Soc,, 60, 1530 (1938). 

“Cohen. W. D. Proc. Acad. Sci. Amsterdam, 26, 443 (1923); Chem. Ahs., 14, 2785 (1920); 15, 
3617 (1921); 18. 50 (1924); Boeaeken, J., Bee. trav. Chim., 40, 433 (1921); 39. 243 (1920). See also 
Chapter 25. 
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pendent of the concsentration of the ketone within wide limits and proportional to 
the alcohol concentration.®^ The ketone itself either remains unchanged or forms 
a pinacone. Either benzophenone, aliphatic a-diketones or a, y^i-diketones with 
an aromatic nucleus could be employed. No absorption peak in the ketone spec- 
trum appeared to coincide with the wave-length range which proved active 
(4000-4100A). 

Boeseken and Langedijk eniployed the reaction to effect a partial asymmetric 
synthesis. The /-menthyl ester of o-rhCOCaiUCOOH was used to catalyze the 
ojtidation of racemic methylethylcarbinol and caused after a hundred hours a 
levorotation of between O.OvS and 0.04*^ in a 20-cm. tube. 

Berthoud concluded that, at leavSt in the case of ben/ofihenone, it is the ultra- 
violet absorbed by the ketone which is active. He also found the rate proportional 
to the intensity of the ultraviolet rather than, as the earlier workers believed, to 
the square of the visible light intensity. For complete absorption of the available 
light, the rate, after an induction period of 30 to 60 minutes, reached a steady 
value inversely proportional to the concentration of oxygen. At 3660A, the 
quantum yield for oxygen consumed was 18 and the temperature coefficient was 1.7. 

Benzoquinone also effects the oxidation of alcohols when irradiated by the 
wave-lengths 4050, 4080 or 4360 A : the quantum yields are unity.®® 

The action of sunlight on the oxidation of alcohols by powdered potassium 
dichromate produces only aldehydes. With methyl alcohol, the dichromate is 
reduced to chromic hydroxide and with ethyl alcohol to a brown powder of 
unknown composition. The ratio of the yield of aldehyde to the quantity of 
dichromate reduced increases with the time of exposure and reaches after 12 to 
24 hours a value of two. With large quantities of dichroniate present, the yield 
of aldehyde drops because of the screening effect of the precipitates formed and 
of the dichromate itself. Plotnikow,®® as well as Bowen and co workers,®® used 
the dichromatc ion in solution. Plotnikow described a wide variety of photo- 
oxidations effected by this compound. Ethylene glycol rapidly becomes alkaline 
and deep green, glycolaldehyde and glyoxal being produced, (jlycerol solutions 
yield glyceric aldehyde and acid and dihydroxyacetone. Propyl alcohol gives 
propionaldehyde and traces of propionic acid, and isoprojiyl alcohol acetone and 
acetic and formic acids. Amyl alcohol yields an aldehyde and a brown precipitate 
of a chromium chromate. 

Bowen emphasized the fact that, although in acid solutions the aldehyde is 
formed without the production of any chrorniitm precipitate, in neutral solutions 
there results a precipitate of uncertain composition. In neutral and alkaline solu- 
tions, the chromate ion present is photochemically inactive. The quantum 
efficiency is independent of the light intensity, of added acid (if not too little is 
present), of temperature and of the dichromate ion concentration between 0.1 and 
O.OIAT. Only the ion HCr 04 ~ is effective. In strongly alcoholic solutions the 
quantum yield is approximately one, but in weaker solutions it is diminished. 


Boeseken, J., and Langedijk, S L, Pi or Acad Sri Amsterdam, 35, 1124 (1926); Boc^ieken, 1., 
Cohen, W. D., and Langedijk, S L., Rcc frav. Chim., 46, .383 (19.27). 

«» Berthoud, A., Hriv. Chim Acta, 16, 592 (1933), 

Berthoud, A., and Porret, D., Helv, Chim, Arta, 17, 694 (1934), see also work of Leighton and 
Forbes discussed under actinometers m Chapter 7. 


w Schwarz, M.» Z, Btcktrochem,, 32, 15 (1926) 

»» Plotnikow, J., Chem. Ztq,, 52, 669 (1928); Cantieili. B, Bvr., 69B, 2282 (1936) believes the 
reaction proceeds through a peroxide. 

«»®owen, E. T., and Bunn, C. W., J. Chem. Soc., 23 53 (1927); Bowen, E. T., and Yamold. E T., 
Ibid., 1648 (1929); Bowen, E. L, Peacocke, T. A., and Wellburn, E. R., iW., 1866 (1931); Bowen, 
E. J., and CHiatwin, J, E.. Ibil, 2081 (1932). ' «owtn, 
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Vith increasing hydrogen ion concentration, the yield increases to a limit of 1.8 
or wave-lengths between 4360 and 3665A.^<^ 

Potassium ferrocyanide solution gives an orange doloration with isobutyl 
ilcohol, especially in light.^^^ 

Ethers 

It has been noted that some samples of commercial ether develop peroxides 
vhen exposed to ultraviolet rays and so are unsuitable for use in the tropics, 
although they satisfy all the usual tests for purity. Irradiation may be employed 
n testing the stability of various samples. Although Athias^^^ believes atmos- 
pheric oxygen to be concerned in the decomposition of ether in light, Binz 
ound the photochemical formation of peroxides to be independent of tlie presence 
►f atmospheric oxygen. Little is known of the nature of the reaction. 

In the presence of uranyl nitrate, sunlight is capable of forming oxalic acid 
rom ether, according to Rowell and Russell. They suggest that the light 
educes the uranyl to the uranous ion and oxidizes the ether to diglycol, of which 
part is oxidized to diglycollic acid and part hydrolyzed to glycol, which is further 
pxidized to oxalic acid. 

Milas found the rate of peroxide formation in ethers to depend largely on 
he type of groups attached to the oxygen atom. Ultraviolet light greatly accel- 
rated the rate of auloxidation of dibenzyl ether in particular. 

Acetone photosensitizes dimethyl ether vapor, the rate of decomposition vary- 
ng with the concentration of the ether, the square root of the absorbed light and 
aversely as the square root of the acetone concentration.^®^ The quantum yields 
pased on carbon monoxide formed were as low as 5 and as high as 230 depending 
ipon the light intensity and total pressure. With diethyl ether, the quantum 
delds wore one -tenth as great under similar conditions. 

also Fxigassi, P., J. Am. Chem. Soc., 59, 2092 (1937). 

Kut 2 lnigg, A., Z. anal. Chem., 77 f 349 (1929); foi the action of qumcmes on alcohols, see Chap- 
cr 25. 

loa L,vcr sedge, S G.. Analyst, 59, 815 (1934); Brit Clu>m Ahs , B, 173 (1935). 
io» Athias, F., Thesis (Algiers), 1924; Chirn. et %nd , 14 , 744 (1925); Chem. Ahs., 20, 478 (1926); 
datsunami, S., T Pharm. Soc. Japan, Ho. 520, 529 (1925); Chem. Abs., 20, 478 (1926). 
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Chapter 23 

The Behavior of Unsaturated Compounds 

The compounds discussed in the preceding chapter have been relatively inert 
photochemically, reacting (if at all) with low quantum yields, except in the case 
of sensitized processes or in reactions in which the light is absorbed by some 
other reactant. It has long been known that in ring compounds the presence of 
double bonds is usually necessary for marked absorption of the longer ultraviolet 
wave-lengths. Of the olefinic compounds, ethylene exhibits absorption which 
begins at 2100A and is nearly complete at 1850-1990A, a region in which ethane 
exhibits no absorption. The introduction of various substituents in molecules con- 
taining a double bond frequently displaces the absorption to longer wave-lengths. 
Particularly effective is the presence of one or more conjugated double bonds, as 
Smakula has recently demonstrated.^ 

Several possible tyi>es of reactions may follow upon the absorption of light 
by double bonds. Usually only one of the two carbon-to-carbon linkings is 
broken. Polymerization may result, two or more of the photochemically produced 
molecules with free valences combining. In an absorbing compound with sub- 
stituents on each carbon atom adjacent to the double bond, after absorption of 
energy lias broken one linkage, there may be a rotation about the remaining link- 
ing so tliat when molecules suffer a collision the double bond may be reformed 
with the production of the stereoisomer of the original compound. More rarely, 
and particularly when the shorter wave-lengths have been absorbed, the energy 
is transferred within the molecule to alkyl groups, which may be decomposed 
with evolution of hydrogen and formation of compounds with triple linkages. 

Simple Decompositions 

Mooney and Ludlam^ have shown that ethylene can be decomposed by wave- 
lengths shorter than 2100A, giving acetylene and hydrogen, together with a 
small amount of a polymerized product.® The long wave-length limit of 2110A 
corresponds with the heat of dissociation of ethylene into acetylene and hydrogen, 
135 kcal. According to McDonald and Norrish,^ ethylene at low pressures when 
irradiated in the fluorite region deposits a polymer and forms hydrogen and a 
condensible gas composed of at least two fractions. 

In the presence of excited mercury atoms, ethylene is first slightly decom- 
posed and then the remainder is polymerized.^ In the presence of hydrogen, 
ethane is formed, the rate being proportional to the square root of the hydrogen 
concentration. Taylor and Hill ® agree that saturated hydrocarbons are formed, 

^ Smakula, A., Angew, Chemie, 47, 657 (1934). 

“Mooney, R. B., and Ludlam, E. B., Trans, Paraday Soc., 25, 442 (1929). 

» Bcrthelot, D., and Gaudechon, H., Compt. rend., 155, 207 (1912); Klevcr, H. W., and Glaser, F., 
ChemMeck. Inst. Tech. Ilochschule Karlsruhe, No. 1, 1 (1922); Chem. Abs., 18, 1976 (1924). 

♦ McDonald, R. D., and Norrish, R. G. W, Proc. Roy Sor., 157A, 480 (1936). 

• Olson, A. R., and Meyers, C. H., J. Am. Chem. Soc., 48, 389 (1926). 
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but note that they are subsequently decomposed both by the excited mercury 
atoms and by atomic hydrogen. Methane is the stable product formed in the gas 
phase and a liquid pol 3 mier is deposited on the wallk Jungers and Taylor 

find the mercury-sensitized hydrogenation more rapid in the case of deutero- 
ethylene than of ethylene. Methane is formed only in negligible amounts, butane 
being the important product with small amounts of ethane. At low hydrogen 
concentrations, a photosensitized polymerization occurs; it is slower in Ae deu- 
terium compound. 

In the presence of oxygen, irradiation of ethylene produces some formic acid.® 
In general, in ethylenic and acetylenic compounds in the presence of oxygen, the 
double and triple linkages are ruptured and simple acids are formed. In the 
presence of ammonia, cyclic compounds arc produced. EAylene, for example, 
first yields amino-ethylenes ; then ring formation takes place with production of 
compounds of the pyrrolidine and pyridine types, which may be regarded as Ae 
mother substances of alkaloids. According to Milas, Kurz and Anslow,® hydro- 
gen peroxide reacts with double-bonded compounds on exposure to ultraviolet 
light to form glycols, possibly because of a decomposition to two hydroxyl radi- 
cals. By this reaction, glycerol, dihydroxybutyric acid, nicjo-tartaric acid and its 
diethyl ester have been prepared from allyl alcohol, crotonic acid, maleic acid and 
its diethylester, respectively. 

Trichloroethylene undergoes a chlorine-sensitized photo-oxidation at 4360 A 
to dichloroacetyl chloride. It is a chain reaction (quantum yield 40) of zero 
order with respect to Ae trichloroethylene and oxygen. The rate is proportional 
to the absolute intensity of the light absorbed.^^ 

Matthews and Elder produce compounds of sulfur dioxide and unsaturated 
hydrocarbons by direct combination by exposing the mixed liquids to sunlight or 
ultraviolet rays, or in some cases by heating. The examples given are the com- 
pounds with pseudo-butylene (C 4 H 8 S 02 )n> propylene, amylene and ethylene. 
The butylene product is a horny or glassy, clear white solid, soluble in chloroform 
or tetrachloroethane and not easily flammable. It can be used for making var- 
nishes, transparent films, etc., and may be mixed with celluloid by first softening 
both with acetone. It renders the celluloid less flammable. Work on this reac- 
tion has been reviewed by Snow and Frey,^^ who find from their own experiments 
that the reaction occurs in the liquid phase, the effective wave-length range being 
3000 to 3800A. It is catalyzed by oxygen, organic peroxides, hydrogen peroxide, 
but is inhibited by nitric acid or hydrogen «ulfide and is slowed at high tempera- 
tures. 

Uranium salts sensitize various ethylenic compounds as well as aldehydes to 
sunlight. Acetylenic compounds react even more readily, aldehyde and formic 
acid being produced. Amylene yields amyl alcohol. Cyclohexenes, but not cyclo- 
hexanes, behave similarly, but benzene does not react in the absence of a side- 
chain. 

The photochemical reduction of sodium dichromate by ethylene glycol has 

’^Jtmgers, J. C., and Taylor, H. S., J, Chem, Phys., 6, 325 (1938). 

* Bertbelot, D., and Gaudechon. H., Compt, rend., ISO, 1327 (1910). 

® Milas, N., Kutz, P. F., and Anslow, W. P., /. Am, Chem. Soc,, 59, 543 (1937). 

Muller, K. L., and Schumacher, H. J.. Z, physik Chern,, B37, 3 65 (193 7). 

Matthews, F. E., and Elder, H. M., British P. 11,635, May 1), 1914; Reports Piogrcss Applied 
Chem., 1, 192 (1916). 

>*Snow, R. D.. and Frey, F. E., Tnd. Eng. Chem,, 30, 176 (1938). 

«Aloy, J., and Valdiguii, A., Buil soc. ehtm., 37, 1135 (1925). 
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been found to be affected by the presence of waten^* For equal amounts of 
the ratio of the reductions occurring in one hour with water present and with it 
absent was 59 to 7^- Within the range of 0.2 to 0.6 per cent concentrations of 
the dichromate in the glycol, the amount of decomposition was proportional to 
the time. 

Reactions in which halogens are added at the double bond are considered in 
Chapter 28. 


Polymerization 

Berthelot and Gaudechon observed that ultraviolet rays polymerize ethylene 
to a liquid having the odor of rancid fat, and boiling below lOO'^C. According 
to Taylor and Emeleus,^^* the polymerization of ethylene can be sensitized to the 
light of the mercury arc by means of ammonia, the rate of the reaction increasing 
with the ammonia concentration. The formation of saturated hydrocarbons in 
the reaction system with varied ratios of hydrogen to ethylene is subordinate to 
the polymerization process. An oil is produced which probably contains the 
nitrogen of the ammonia decomposed in the process. Eineleus and Taylor 
found methylamine and ethylamuie to induce a similar photopolymerization of 
ethylene at temperatures above 200'^C. Jungers and Taylor rind that ethylene 
cannot be polymerized in quenching the resonance radiation of sodium, possibly 
because of unfavorable localization of the enerj^y received by the ethylene in the 
quenching process. It can be induced, however, by the photodecomposition of 
admixed acetone, due to an effect of radicals from the latter. It is also polymer- 
ized by ethyl radicals produced by the meiTury-sensiti/ed photodecomposition of 
ethyl iodide,^® 

Commercial gaseous butadiene, containing 30 pei cent pseudubutylene, but 
not the pure bivinyl gas, is polymerized in the liglit of the quartz lamp to a white 
solid, insoluble in alcohol, ether or benzene Khokhlovkin found a sample 
of butadiene completely autopolymerized in light (shorter than 2300 A) and air 
at room temperature in 515 days. At 45^C., it occurred in 100 hours. Light 
considerably increased the rate of the autocatalytic process. Gee finds the 
quantum yield (0,3) of a mercury-sensitized polymerization nearly independent 
of the pressure. The main product was an insoluble polymer, with some hydrogen 
and a cyclic dimer, the latter occurring in greatest proportion at low pressures. 
2-Butoxy-l,3-butadienc in ultraviolet light for one week gives 13 per cent of a 
polymer which is somewhat sticky and elastic.-^ 

Ferrer reports that diphenylene ethylene, (C«H 4 ) 2 C rCkL, is stable for 
several hours in the dark, but is completely polymerized and rendered insoluble 
in ether, when exposed for ten minutes to the mercury arc. 


Riescnfeld, E. H.. and Hecht, O., Z. wiis. Phot,, 26, 369 (1929); Biit, Chem Abs., 1929A, 895. 
^Berthelot, D., and Gaudechon, H., Compt. rend., 150, 1169 (1910;. 

Taylor, H. S., and Emeleus, H. J., J. Am. Chem. Soc , 52, 2150 (1930); 53, 573 (1931). 

Emel^us, H. J., and Taylor, H. S., /. Am. Chem. Soc., 53, 3370 (1931). 

’«Jungera, J. C., and Taylor, H. S., J. Chem. Physics, 4, 94 (1936), Chem. Ab^ , 30, 2109 (1936); 

Trans. Faraday Soc., 33, 1353 (1937); Bnt. Chem, Abs. A, 574 (1937). 

^jForis, G. G., and Jungers, J. C., Bull. soc. chim. Belg., 32, 4426 (1938); Chem, Abt., 32, 4426 
(1938). 


Nikiforov, V. K„ and Runtzo, P. M., Acta Physicochim. U.R.S.S., 3, 335 (1935); Chem. Abs, 
30, 2493 (1936). 

Khokhlovkin, M. A., Stntet Kauchuk, No. 4. 12 (1936), Chem. Abs., 30, 6602 (1936)* see also 
Kublitskii, A. M., Sintet Kauchuk (U.S.S.R.), No. 7-8, 30, 1936; Chem. Abs., 3i; 6503 (1937). 


**;Gec, G., Trans. Faraday Soc., 34, 712 (1938) 
»Dykatra, H. B., J. Am. Chem. Soc., 57, 22 5 5 (1935). 


“Ecrrcr, J., Anales soc. espan, fis. quim., 20, 459 (1922); Chem. Abs., 17, 3177 (1923). 
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Vinyl chloride and Vinyl bromide polymerize rapidly when exposed to light 
The chloride forms an amorphous insoluble substance of specific gravity 1.406, 
which melts above 130®C., with decomposition.^® The ^pol 3 rmerized bromide is^ 
likewise insoluble in water, alcohol, or ether, has a specific gravity of 2,075 and 
begins to decompose at 125 to ISO^C. Plotnikow stated the properties of the 
vinyl chloride polymer, probably (CH 2 CHCl) 3 o, formed by the extreme ultra- 
violet rays of a mercury arc, to be those of a ‘^synthetic rubber.’* Sunlight is 
effective only in the presence of catalysts, such as the salts of manganese, cobalt, 
nickel, copper and vanadium and most especially, the uranyl salts, A 2.5-per cent 
solution of vinyl chloride in methyl alcohol was employed in the apparatus shown 
in Figure 115. Carbon tetrachloride accelerated the transformation. The white 
precipitate obtained dissolves in many organic solvents to form colloidal systems 
varying from paste to solid. 



Ostromuislenski obtained by the pol>’Tnerizalion of vinyl bromide a material 
which he termed caouprene bromide. This exists in three forms, called a, 
and y. When the ot and /? forms are submitted to the action of ultraviolet the 
y form is yielded. 

It is claimed^® that if the polymerization of vinyl chloride by sunlight or 
ultraviolet rays, with or without a catalyst such as a soluble lead salt, is continued 
beyond the acetone- soluble or a-stage, a new /8-modification, insoluble in acetone 
but soluble in monochlorobenzene, is obtained before conversion into the y- or 
8-forms. The new form may also be obtained from the y and 8 forms by heating 
them with aniline, quinoline, etc. Monochlorobenzene solutions of the new 
product to which is added a plasticizer, c.g., a dichlorobenzene, yield flexible, 
transparent and non-flammable films on drying. The ^8-product is also obtainable 

Baumann, E., AnnaJen, 163, 317 Cl 872). 

Plotnikow, J., wiss. Phot., 21, 117 (1922); Chem, Abs., 16, 1337 (1922). 

Ostx'ommslenski, I., 7. Russ. Ph\s. Chem. Soc,, 44, 204 (1912). 

“Van Byk. L. A., British P. 255,837, June 29. 3926; Brii. Chem. Abs.. 1927B, 564. 
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fr<Mn the a-cotnftound by prolonged action of ultraviolet rays and heat or by heat 
alone,®® 

A vinyl halide may also be condensed with a phenol in tlie presence of alumi- 
num or ferric chloride, before polymerization by ultraviolet light.®® 

According to Guyer and Schutze,®^ 0.1 per cent of hydroquinone prevents the 
polymerization of vinyl bromide in direct sunlight for several months. 

Stobbe and Toepfer report that />-vinylanisole is polymerized when placed 
in glass tubes in direct sunlight, the extent of reaction being about the same after 
four exposure as after four hours at 100°C. in the dark. If a little of the 
pol3rmeric form is added, the polymerization proceeds as far in one day as it does 
in four with the pure substance. When />-vinylanisole in quartz tubes at 30°C. 
is alternately irradiated by a quartz mercury lamp and kept dark, polymerization 
appears not to proceed during the period of raying, but during the following 
periods of darkness. It is believed that polymerization by rays of wave-lengths 
longer than 3300A may be reversed by rays of shorter wave-length. 

The polymerization of vinyl esters gives rise to various useful products,®® 
It may be accelerated by benzoyl peroxide, ozonicles, and by anhydrides of 
organic acids used in conjunction with agents yielding oxygen, as perborates, 
percarbonates, silver oxide, etc. The polymerization products are solid, colorless 
and transparent celluloid-like masses which are odorless and can be turned, cut, 
planed and otherwise manipulated to form various articles. These solids, 
rendered plastic in hot water, can be molded; upon cooling, the material hardens 
again. Chlorinated esters may also be polymerized by heat and light in a two- 
stage operation and employed in lacquers. 

Oxygen inhibits the photopolymerization of vinyl acetate, the temperature 
coefficient of which is markedly greater than unity. The quantum yield is 1.7 
at 2300A, 1.2 at 2S36A and 936 with a 3000 to 4000A band, indicating a chain 
mechanism.®'* The effects of various inhibitors in ethyl acetate as solvent have 
been studied by Jeu and Alyea,®® who followed the rate of the reaction by measur- 
ing the unsaturation by means of Wijs' solution. Among sixteen representative 
inhibitors, which include alcohols, esters, acids, amines, oximes, phenols, alde- 
hydes and alkaloids, the relative inhibitory power is approximately the same 
for this reaction as for the oxidation of sodium sulfite. There is, however, no 
obvious relation to their effects on the photolysis of hydrogen peroxide. Pyro- 
gallol is about 3200 times as effective an inhibitor as is ethyl alcohol. 

Groff®® described a highly plastic composition formed by fluxing on hot 
differential rolls ( 100- 120° C.) and sheeting out, a mixture of 100 parts vinyl 
resin (formed by polymerization of 80 parts vinyl chloride and 20 parts vinyl 
acetate), 60 parts ethylene glycol nionoethyl ether diester of ethylene glycol 
phthalate, 1 part carnauba wax, 1 part calcium stearate and 1 part calcium 
hydroxide. Exposure for 100 hours to radiation from a mercury arc at a distance 
of 20 inches caused only a slight discoloration and did not affect the flexibility. 

Vinylethinylcarbinols may he polymerized by the action of air, light or both; 


»>Van Dyk, L. A.. British P. 260,550, July 26, 1926, Brit Chem. Ahs , 1927B, 564. 

•® British Cclanese, Ltd., British P. 409,132, April 18, 1933; Brit, Chem. Ahs. B, 534 (1934). 

® Guyer, A., and Schfltae, H,, Helv. Chim. Acta, 17, 1544 (1934). 

®»Stdbbc, H., and Toepfer, K., Ber., 57B, 484 (1924); Chem. Abs., 18, 2503 (1924). 
wKlatte, F., and Rollett. A., U. S. P, 1,241.738, Oct. 2, 1917; cf. Kuhl, H, Ref>orts of the Prooress 
af Applied Chemistry, Soc. Chem. Ind., 1, 192 (1916); /. Soc. Chem. /nd. 34, 623 (1915) * 

** Vernon, A. A., and Taylor, H. S., /. Am. Chem. Soc , 53, 2537 (1931). 

« Jeu,, Iv'K., and Alyea, H. N., /. Am. Chem. Soc., 55, 575 (1933). 

••Grottf F., U. S. P. 1,966,856, July 17, 1934, to Carbide and Carbon dtcnucals Corp, 
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the process is accelerated by the use of halides such as those of zinc, iron, alumi- 
num, antimony, bismuth, boron and tin, organic peroxides such as benzoyl per- 
oxides or acetyl peroxide, ozone, hydrogen peroxide or persalts, or by accelerators 
of the photochemical reaction such as uranyl nitrate.^^ Products of variouk 
consistencies and solubilities are obtained, suitable for use in coating composi- 
tions, manufacture of safety glass, impregnation of paper or cloth, or in compo- 
sitions for molding, etc. 

Dreyfus describes the polymerization of vinyl compounds containing hydro- 
phile groups, as hydroxyl, carboxyl, sulfonic acid, amino or other acid or basic 
groups, which ren^r them more readily soluble or dispersible in aqueous liquids* 
Vinyl chloride is heated to 80° to 100°C. in an autoclave with sodium glycol to 
produce glycolnionovinyl ether; this product may be polymerized by warming 
with benzoyl peroxide and under the radiation from a quartz mercury-vapor lamp. 
The polymerized product may be dissolved in water and used directly as a size.®® 

The polymerization of vinyl chloride by heating with a small proportion of 
benzoyl peroxide at about 50° to 60° C. for 24 hours may be assisted by a pre- 
liminary exposure of the initial material in the gaseous slate to rays from a 
mercury lamp.'*® Voss and Dickhauser^^ obtain products resembling celluloid 
by gradually heating a vinyl halide under pressure to a temperature preferably 
not above 100°C. The halide may be irradiated, and an inert or a polymerizable 
organic solvent, such as benzene or butadiene, and a catalyst such as benzoyl 
peroxide may be present. “*2 

Shmidt stales that the powdery product obtained by polymerization of vinyl 
chloride without a solvent is converted into a colorless, glass-like mass on pro- 
longed exposure to the light of a quartz mercury arc."*® 

The polymerization of vinyl derivatives of phenols or cresols may be conducted 
in the presence of anhydrous aluminum chloride or ferric chloride as condensing 
agents by the action of ultraviolet light or heat.**^ Pressure polymerization is 
used in the preparation of resins from vinyl chloride by Waterman, Leendertse 
and Colthoff.'*’'^ Although polyvinyl chloride has poor light stability,^® glass 
laminale<i witli a vinyl resin showed no discoloration after exposure for a thou- 
sand hours to the Uviarc or after two years in Florida.^^ 

5"CarotherK W. H., Berchet, G. J, and Jacobson, R. A, IT. S. P. 1,963,074, June 19, 1934, to 
E. I, duPont de Nemours & Co.; Chem, Abs.^ 28, 4848 (1934). 

Dreyfus, IL, British P. 398,173, Sept. 1, 1933; Chem. Abs., 28, 13 60 (19 3 4). 

Note also Zhukov, T , Komarov, V. A., and Sibiryakova, G N , Colloid J, (V.SS.R ), 1, 9 
(1935) for bivinyj polymers. Foi the effects of light on the oxidation rates of 1, 1,5,5 -tetraphenyl- 
1,4-pentadienc and l,l,6.6-tctraphenyM,5-hexad!enc, see Bauer, K. H., and Herzog, H., /. prakt Chem., 
147, 4 (1936). . 

*0 Klatte, F., and Mliller, H., U, S. P. 1,920,403, Aug. 1, 1933, to I. G. Farbenind. A.-G. ; Chem, 
Abs., 27, 4816 (1933). 

Voss, A., and Dickhauser, E., CJerman P. 579,048, June 20. 1933, to I. G. Farbenind. A.-G. ; 
Chem. Abs., 27, 4943 (1933); see also British P. 294,474, July 23, 1927, in which vinyl esters are 
polymerized under ultraviolet to make rubber substitutes, proteins, peptones or ammo-apids being added 
to impart elasticity. 

British P. 385.004, Dec. 22, 1932, to T. G. Farbenind. A.-G.; Chem. Abs., 27, 4251 (1933). 

« Shmidt, Y., Org. Chem. Jnd. (U.S.S.R.), 5, 116 (1938); Chem. Abs,, 32, 5957 (1938). 

British P. 409,132, April 26, 1934, to British Celanese. Ltd.; Chem. Abs., 28, 6158 (1934). 

Waterman, H. I., Leendertse, J. J,, and Colthoff, P. J. G., Chem. Weekblad, 32, 550 (1935): Chem, 
Abs., 30, 1147 (1936); Blackie, K. G., and Crozier, R. N., Ind. Ena. Chem.. 28, 1155 (1936). See 
also Plauson, H.. U. S, P. 2,127.135, Aug. 16, 1938; Chem. Abs., 32, 8043 (1938) for vinyl acetate 
polymerization by light when emulsified with sulfonated castoi oil. 

*®Cmme, G. 0., Jr, and Douglas, S. D.. Jnd Eng. Chem, 28, 1123 (1936). 

Sberts, J. H , and Fix, E. L., Chem. Met, Eng., 43, 177 (1936). Of a scries of synthetic plastics 
tested for suitability for flexible windshield material for aircraft, cellulose acetobutyratc and vinyl 
acetate resins showed the greatest resistance to discoloration by ultraviolet light, but had certain dis- 
advantages. Axilrod, B M., and Kline, G. M., 7. Res, Bureau of Standards, t9, 367 (1937). 

"Duggan, F. W., U. S. P. 2,126,179, Aug. 9, 1938; Chem. Abs,, 32, 7610 (1938). 
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For vinyl resins to Hg'ht, Duggan uses one to five pet cent of 

Salicylate or otfier phenol derivative with a single hydroxyl group and an alkyl- 
substituted carboxyl group ortho to the hydroxyl group.^^ 

Stereoisomeric Transformation 

The trans-isomox has a greater ultraviolet absorption than the rit-form m 
many compounds, including: C1CH==='CHC1, C^HsCH^CHBr, CH 3 CH=“CHBr, 
CICH®*CHI, and fumaric acid^® 

The difference between the absorption curves of the geometrical isomers 
increases with decreasing wave-length. Compounds containing iodine differ m 
that this relation is inverted at wave-lengths greater than 3000A, the cis form 
absorbing more in this region than the trans form. The inversion may be due 
in some manner to the liberation of free iodine. 

According to van de Walk and Henne/"’^ if either the cis or trans isomer of 
chloroiodoethylene is exposed to sunlight for one hour, the same equilibrium 
mixture (which contains 17.5 per cent of the trans form) is obtained. The theory 
underlying the conversion of geometrical isomers has been discussed by Olson 
and by Mulliken/’® and studies of the process were made in aqueous solutions 
of various fumaric and maleic acids by Olson and Hudson,*'"^ who reviewed the 
earlier experimental work. It is .suggested that in the normal state the carbon 
atoms of the unsaturated compounds are to be regarded as two tetrahedra joined 
along a common edge. On excitation by light, they may be considered as joined 
only at one corner. Rotation about this corner with inversion of one of the carbon 
atoms will account for the occurrence of a transition between optical isomers if it 
occurs before a collision removes the energy of excitation and restores a normal 
state in which the double bond is present. Besides the theory of free rotation 
in the upper electronic state, Olson discussed the possibility of the addition of an 
atom or free radical to the face of the carbon tetrahedron, follovred by the simul- 
taneous ejection of another group accompanied by isomerization.®*^ 

The probability p that a molecule in an excited electronic state will return 
to the trans state on deactivation bears to the probability that it will yield the 
cis form (I-/*) the ratio given by 

P _ ^Tr ^ 

^ P ^Cl0 

in which and co.js are the extinction coefficients for the monochromatic light 
employed and CTr and C^is are the mole percentages of the trans and cis isomers. 
It was possible to test the relation in the gas state in the case of the isomers of 
dichloroethylene and dibromoethylcne. Agreement with the theory was attained 
for the stationary slates set up at various temperatures, the proportion of the two 
isomers present being determined by dielectric constant measurements. Further 

«Errera, J., and Henri, V., Compt. rend,, 180, 2049 (1925); 181, 548 (1925). Errera, J., /. phys. 
Raditwt, 7, 21 S (1926). 

Sec also Kirrmann, A., and Volkringrer, H., Compt. rend,, 182, 1468 (1926); Ramart-Lucas, Mmc., 
Compt. rend., 188, 638, 1301; 189, 802 (1929); Bull. soc. chim., 51, 965 (1932); Bourgucl, M., Gredy, B., 
and Ptaux, £»., compt. rend., 195, 129 (1932). 

«AVan d« Wallc, H., and Henne, A., Bull. sci. acad. roy, Belg., 11, 360 (1925); Chem. Abs., 20, 
1049 (1926). 

«* Olson, A. R., Trans. Faraday Soc., 27, 69 (1931). 

Mtilliken. R. S., Phys. Rev., 41, 751 (1932). 

w Olson, A* R., and Hudson, F. L., J. Am. Chem. Soc, 55, 1410 (1933). 

w Olson, R., /. Chem. Physics, 1, 418 (1933). 
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5 ttidics in the case of the chlorine compounds have been reported by Mahncke 
and Noyes,®^ There are three absorption regions i (1) continuous, by the carbon- 
chlorine bond from about 2500A with maxima at 1950A for the cis and 1850A for 
the trans form; (2) bands beginning at about 1540A, and (3) another continuous 
region extending down to 750A. In the first absorption region, produced by 
irradiation with an aluminum spark, atomic chlorine appears to be formed, with 
possibly some hydrogen chloride. For this reason, Olson’s second theory is 
favored when the change is induced by light in this region of the spectrum. 
CtV-Dichloroethylene also yields small amounts of a solid polymerization product, 
melting at 103.5® to 104®C. These observations have also been confirmed by 
Muller and Ehrmann.®^ 

The compound 

HOOC CHCOOH 

\ 

C«.CH(CHa)«C 

/ \ 

H,C CHa 

undergoes a cis-trans isomerization in ultraviolet light to a more soluble form.®® 
Other Types of Isomerisation. The isomerization of the sulfones of j3-alkyl- 
butadienes in alkaline solution under the influence of ultraviolet light consists in 
a displacement of the double linking in the ring toward the alkyl.®*^ Terf -butyl- 
butadienesulfone is isomerized to a compound 

HjC— C-Bu 



The isomer of the sulfone of 2-phenyl- 1.3-butadicne and ozone when irradiated 
gave propiophenonesulfonic acid, showing that the change was not a cis-trans 
isomerism, as believed by Eigenberger to occur in the irradiation of isoprene 
sulfone in the presence of alkali. 

The homologs of isoprenesulfone isomerize on exposure to ultraviolet,®^ the 
change involving a wandering of the double bond. 

According to wSherrill, Otto and Pickett, sunlight and ultraviolet light of 
shorter wave-lengths transform 2-pentene into an isomeric form with slightly 
different physical properties. The transformed product adds hydrogen bromide 
to form 15 per cent of 3-bromopentane and 85 per cent of 2-bromopentane.®® 
Birch and Stansfield note that ultraviolet light favors the fonnation of a 
peroxide in cyclohexene. 

“Mahncke, 11. K., and Noyes, W. A., Jr., f. Chem Phvsics^ 3, 536 (1935); 7. Am. Chem. Soc., 
58, 932 (1936). 

Mtiller, E., and Ehrmann, K,, Brr., 69B, 2207 (1936). Sec also Stockmann, 11., and Stoermer, R., 
[Ber., 47, 1793 (1914)] for work on Y-phenylvmylacetic acid in ben7cne solution 

“Kuhn, R.. K6hler, L. and Kohler, F., Z physiol. Ckcm., 242, 171 (1936) 

“Backer, H. J., and Strating, J., Bee trav. chtm., 54, 170, 618 (1935); Chem. Abs., 29, 2959 (1935); 
30. 34 03 (1936). 

“ Eifirenbersrer, E., J. prakt. Chem., 129, 312 (1931); Chem. Abs., 25, 2969 (1931); see also van 
Zuydewijn, E. de R., Rec. trav. chim., 56, 1047 (1937). 

Backer, H. J,, and Strating, T., Rcc, trav. chim., 53, 525 (1934); Backer, H, J., Strating, J., and 
Zuithoir, A. J,, Ibid., 55, 761 (1936). 

“Sherrill, M. L., Otto, B.. and Pickett, L. W., /. Am. Chem. Soc., 51. 3032 (1929). 

For the ultraviolet absorption spectra of the varions isomeric 2-pcntenes, Carr, E. P., /. Am. 
Chem. Soc., 51, 3041 (1929). 

“ Birch, S, F., and Stansfield. R., Nature, 123, 490 (1929). 
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The pure g^as exhibits a banded absorption spectrum which 
begins at 2400 A according to Kistiakowsky,®® or at 2300 A according to Hop* 
field, ^ or at lower pressures (less than 30 mtn.) at 2070A A second system 
begins at about 1540 A and at higher pressures a continuous absorption appears 
to set in at about 1880A* but may be due to an impurity. Jonescu gives an 
extrapolated heat of dissociation of 204 kcal. Kato,®® however, claims to have 
noted on the vaporization of solid acetylene at room temperatures, a broad con- 
tinuous absorption spectrum and some series of bands with fine structure. The 
foiwr, showing its strongest absorption at 2560 and 2400A, is held to indicate 
predissociation. The latter, appearing below 2500A, is attributed to deformation 
vibrations. 

Berthelot and Gaudechon found exposure of acetylene to the action of ultra- 
violet rays to bring about a partial polymerization to a yellow solid, but no decom- 
position. No benzene was found hi these experiments. 

Daylight or sunlight does not affect carefully purified and dried acetylene, 
but with wave-lengths less than 3000A, the reaction occurs at atmospheric or 
higher pressures and at room temperature, giving the yellow product without 
any separation of carbon.^^ The proces.s is disturbed by the presence of oxygen 
or moisture, the latter leading to the formation of aldehyde. The wave-length 
limit was set at 2537A or less by Lind and Livingston,"^^ who found the rate of 
pol3rmerization to be proportional to the intensity of the absorbed light but 
independent otherwise of the acetylene pressure. The temperature coefficient 
was 1.25, and the quantum yield appeared to be 9.2 for the wave-length 2150A. 
This value was somewhat uncertain since measurements had to be limited 
to the beginning of the reaction owing to the deposition of tlie polymer on the 
walls of the vessel. The solid product, cuprene or a very similar substance, had 
the empirical formula (CioH(,)„, Some benzene formation was observed and 
could be accounted for by side reactions. Kato confirmed the formation of both 
cuprene and benzene by the wave-lengths 2103, 2100.5, 2065, 2036 and 2026 A, 
but believed 2200A to produce chiefly benzene. At higher temperatures, 270® 
to 376®C., both he and Livingston and Schiflett^*^ found benzene to predominate; 
the latter workers observed that two nonA’^olatile solids and a yellow, viscous, 
voltatile liquid were also produced. By following the absorption changes during 
the polymerization of acetylene, Kemula and Mrazek detected the formation 
not only of benzene, but of naphthalene as well, together with less than 0.25 per 
cent of ethylene and ethane, but no hydrogen in the gas phase. Bates and 
Taylor noted that polymerization could also be effected by excited mercury 
atoms, but that acetylene could not be hydrogenated by hydrogen which had been 
activated by excited mercury vapor. 
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*Por d»ta on the clnsBifiention of the hands, see I’licc, W. C., Phys Rfv 45. 843 Tonesm 

A., 1». 710 (1934); Woo. S.-C., Liu, T.-K!, Chu, T. E. aSd (ihif, WVA 
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«Kato, S., Bull, Inst. Phys.^Chem Research (Tokyo), 10, 343 (1931); Chem Abs., 25, 5845 (1935). 

Gaudechon, H., Compt. rend., 150. 1169 (1910); 151, 395 (1910)- 155 521 
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Reinicke, H., Z. angew. Chem., 41, 1144 (1928). 

’**Lind, S. C., and Livingston, R. J. Am. Chem. .W , 52, 4613 (1930); 54, 94 (1932). 

_ Livingston, R., and Schiflett, C. H., /. Phys. Chem., 38, 377 (1934)* see alan Ch 

Butt. soc. chtm. Brig.. 44 , 503 (1937); Chem. Abs., 32, 2840 (1938). Rosenblum. 
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TouH^ believed polymcmation in the presence of mercury vapor should not 
be considered a true photosensitization since it can still be observed when a source 
is used which does not emit the lines which excite merpury. The adddition of 
0.006 per cent of oxygen did not affect the reaction. He also believed that an 
equilibrium was reached with the polymer after the volume had been reduced by 
10 per cent* but this result could not be duplicated by Kemula.^'^ Melville 
treats the process as a sensitized chain reaction in which the excited mercury 
atoms form with the acetylene molecule a complex which successively builds up. 
The chain length is independent of the acetylene pressure, or surface, or of the 
rate at which the chains are started and may at 250® C. attain a maximum of 100* 
Cessation of growth is attributed to a special type of collision of the growing 
pol 3 mier with an acetylene molecule. Jungers and Taylor found the rate of 
this photosensitized reaction to be 30 per cent greater with acetylene than with 
heavy-hydrogen acetylene. They gave the quantum yield as 6.5 for acetylene and 
S for acetylene-D 2 . 

Both methylacetylene and its double-bonded isomer allene can also be polym- 
erized to white solids by ultraviolet radiation,®® the quantum yields being 3.5 
and 2.5, respectively. Diacetylene can also be polymerized.®^ 

The photochemical oxidation of acetylene yields oxalic acid and a trace of 
aldehyde.®^ A mechanism was suggested by Mecke®® according to which an 
excited acetylene molecule adds directly to an oxygen molecule. Livingston notes 
that further oxidation of the resulting glyoxal would account for the formation 
of the oxalic acid. It is also possible that two molecules of oxygen might be added 
to the excited acetylene molecule, the double peroxide then rearranging to 
oxalic acid. In the presence of water vapor in the gas phase in the absence of 
oxygen or in an aqueous solution, Livingston and Schiflett ®^ could detect neither 
the formation of aldehydes nor ketones. 

Heinemann ®® claims to secure the union of acetylene and methane by heating 
these gases or irradiating them with ultraviolet rays, in the presence of such 
catalytic metals as iron, nickel, copper, silver, iridium or platinum. 

Carothers ®® finds the addition of thio-/?-cresol to diviiiylacetylene CH2**CI1 
sCH=CH 2 to be powerfully accelerated by the light of a mercury arc trans- 
mitted through soda-glass. 

Polymerization of l-chloro, 1-bromo- and l-iodo-2-vinylacetylene to form 
resinous solids may be accelerated by the use of ultraviolet light, benzoyl peroxides, 
ozonides, etc. The iodine and bromine polymers are very explosive, and the 
chlorine derivative less so.®*^ 

Aldehydes and Ketones.®® Absorption, These compounds in the gaseous 

■»«Tou1, F.. ColL Ceech, Chem, Comm,, 6, 162 (1934); Brit, Chem, Abs., A, 852 (1934). 
■"Keitiula, W., ColL Czech, Chem. Comm,, 7, 319. 491, 493 (1935); Chem. Abs,, 29; 7775 (1935); 
30, 1644 (1936). 

■» Melville, H. W.. Trans. Faraday Soc., 32, 258 (1936), 

” Jungers, J. C., and Taylor. H. S,, /. Chem. Physics, 3, 338 (1935). 

*®Lmd, S. C., and Livingston, R., J, Am. Chem. Soc., 55, 1036 (1933). 

« MUlIer, F. G., and Banninger, A., Hclv. Chtm. Acta, 10. 763 (1927), 

•“Livingston, R., J. Am, Chem, Soc., 53, 3909 (1931), 

•• Mecke, R., Trans. Faraday Soc., 27, 374 (1931), 

••Livingston, R,, and Schiflett, C. H., /, Phys, Chem., 36, 750 (1932). 

••Heinemann, A., U. S. P, 1,202,385, Oct. 24, 1916; 1,134,667, Apr. 7, 1915. 
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“For a recent review, see Leighton, P. A., J. Phys. Chem., 42, 749 (1938). 
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state exhibit a broad absorption band attributed to the carbonyl group and hav- 
ing its maximum at about 2900 to 2800A.«» 

In hexane solutions, the absorption is in general similar. Formaldehyde, for 
example, either as vapor or in hexane at -70°, exhibits absorption chiefly between 
3542 and 2750A, the maximum being at 2940 A in hexane and at 2935 A in the 
vapor.®*^ Acetaldehyde and propionaldehyde behave similarly. Data on hexane 
solutions of higher aldehydes through octylaldehyde have been given by Conrad- 
Billroth®! 

In water, however, the absorption of the three lowest aldehydes is somewhat 
displaced toward shorter wave-lengths, the maximum being at 2800A. The for- 
mation of hydrates also decreases the absorption. Choral hydrate lacks the 
typical aldehyde absorption band. The same is true of methylal and acetal.®^ 
Schou believes that in aqueous formaldehyde solutions there is less than one 
molecule of formaldehyde for 1200 molecules of the hydrated or polymerized 
form. Under certain conditions (the presence of a trace of alkali or after polym- 
erization by acid) acetaldehyde gives spectral evidence that some of the mole- 
cules are present in enolic forrn.®^ This may be detected by a study of the 
absorption coefficients near the minimum close to 2400A. Ilerold and Wolf 
find that propionaldehyde in water forms an association complex and a hydrate 
which do not absorb in the same region as the carbonyl group. In propyl alcohol 
as solvent, absorption measurements indicate that the greatest part of the aldehyde 
has been converted to the half-acetal.®^ 

Interpretations of the absorption spectra of formaldehyde vapor have been 
given by Henri and Schou,®® by Herzberg,®! and by Dieke and Ki$tiakowsky.®‘'^ 

Observations in the far ultraviolet at 1750 to 1150A have been reported by 
Price.®® About 32 bands are distinguished between 3550 and 2500A. Those on 
the longer wave-length side contain rotational fine structure but become diffuse, 
indicating predissociation, at about 2670A to 2750A. This limit is shifted toward 
the red at higher temperatures. 

Reactions, Berthelot and Gaudechon^®® showed that ultraviolet light decom- 
poses formaldehyde vapor with the production of carbon monoxide and hydrogen 
but no carbon dioxide. Some polymerization aKo occurred. Bredig and von Gold- 
berger, however i®! claimed to have detected small amounts of carbon dioxide and 
methane, but Norrish and Kirkbride !®^ were unable to verify these results. They 


«* Purvi^ T E,. and McClcland, N. P.. /, Ch^m Soi 103, 433 (1913); Bidccki, J , and Henri, V., 
Ber„ 45, 281M1912); Pnivis, J. E., J. Chem. Soc., 12f, 9 (1925), Ea^^twood, E aAd Snow, C. P. 
Nature, 133, 908 (1934). 
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Sec aUo Back^^s, M., Compt. rend., 200, 1669 (1935). 
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PolUtater, Monatsh., 34, 797 (1913). 

Kirkbride, F. W., }. Otem. Soc., 135, 1518 (1932); Trans. Faraday Soc., 

27> 404 (1931)* 



TMB BEtfAVJOR OF UNSATURATED COMPOUNDS 417 

show from the nature of the products and from energetic considerations ^at, 
although the light is absorbed by the carbonyl group, the primary dissociation does 
not yield a CHa group and an oxygen atom. Instead, CO i^ thought to be removed 
bodily, the hydrogen atoms combining without first separating from the molecule/ 

I > CO + Ai- » H. + CO 

This view was based upon wliat was then known of the behavior of other aldehydes 
and ketones. If ketones with two different alkyl groups should produce free radicals 
in the primary process, a mixture of hydrocarbons might be expected as a result of the 
photochemical decomposition. Actually, it appeared that only one hydrocarbon resulted* 
Should a free methyl radical be produced from acetaldehyde in the primary process* one 
might expect ethane as well as methane. This was not observed. Furtiiermore, a pri- 
mary process involving free radicals might give rise to a short chain reaction, the free 
radicals reacting with an additional molecule of the original aldehyde or ketone. Bowen 
and Watts did, indeed, find a quantum yield of two for the decomposition of acetalde- 
hyde, but it seemed that the occurrence of a complicating polymerization made these 
results not very accurate. Norrish and Kirkbride therefore proposed as a general 
mechanism for the primary process in the decomposition of aldehydes and ketones, the 
elimination of CO, the remaining radicals combining without first separating from the 
molecule. Subsequent work has shown, however, that other processes must also be 
admitted. See, for example, the discussion of acetone. 

The formaldehyde decomposition can be made to proceed by wave-lengths corre- 
sponding to the region of rotational fine structure, that is, by wave-lengths longer 
than those which cause predissociation. The quantum yield was 1.1 at 3030 to 
3130A or 0.7 at 3340 to 3650 A In the predissociation region the quantum yield 
was 0.9 ( 2.540-26S0A). 

Later, Patat found that the addition of oxygen produced no change in the 
ratio of hydrogen to carbon monoxide produced by irradiating formaldehyde 
vapor within the fine structure region longer than 3000A and uncomplicated 
by an underlying continuum. From this it was concluded that no hydrogen 
atoms are there produced. Patat showed the same to be true of the reaction 
conducted in part of the predissociation region (3000-2700A), thus supporting the 
Norrish mechanism. The presence of free hydrogen atoms could, how^ever, be 
detected by this method when the irradiation was made in the region of con- 
tinuous absorption. 

The primary process advanced by Mecke and by Herzberg involved a dis- 
sociation in the predissociation region into H and HCO. This was assumed to 
require 92 kcal., the energy of the 2750A line being 105 kcal. Norrish and Patat 
each gave reasons for believing that this is not the actual process at the Ion get- wave 
portions of the predissociation region. Patat suggests that molecular thermal vibra- 
tions may contribute part of the energy required for the simultaneous breaking of 
two C— 'H bonds, which must occur since hydrogen atoms are not detected. 

Experiments by Norrish and Noyes with radiations in the Schumann region 
gave no evidence for the formation of oxygen atoms and CHg in the primary 
process, due probably to wave-lengths shorter than 1600A. The final products were 
the same as those produced by longer wave-lengths in the near ultraviolet.^^® 

Bowen, E. J., and Watts. H. G.. J, Ch^tn. Soc., 129, 1607 (1926). 
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Before coiuiiderfog the photdbrsis of other aldehydes, a few ^er reactions of 
formaldehyde may be briefly mentioned. Ghosh and Nandy"* found its i^dation ^ 
hydros^ peroxide in acid solution with a tungstic acid sol as photosensitieer, to to 
tmimoTecular with respect to hydrogen peroxide at low concentrations. It tended to 
become of eero order at higher ones. For low concentrations of free hyd^chloric acid, 
the velocity coeflicient varies as the square root of the intensity of the incident ramation, 
but the variation of the velocity with the intensity of the light is much less at higher 
acid concentrations. The quantum efficiency of the reaction is between two and seven. 

In a reaction between chlorine and formaldehyde, the final products are carbon 
monoxide and hydrogen chloride. By an analysis of the curves giving the change of 
pressure with time of irradiation, Krauskopf and Rollefson,'^^’ who used mixtures of the 
reactants in various proportions, concluded two reactions to be involved. The first, a 
very rapid reaction, involved the formation of a new intermediate compound, formyl 
chloride, produced together with hydrogen chloride by the action of chlorine atom^ 
formed in the primary photochemical process, upon formaldehyde. This then reacted 
more slowly in a secondary reaction, which might be either a thermal or a sensitized 
photochemical reaction, to yield carbon monoxide and hydrogen chloride. This decom- 
position appeared to be a heterogeneous surface reaction. Under certain conditions, the 
first reaction proceded with explosive rapidity. The overall reaction had a quantum 
yield of about 10*, and was vei^ susceptible to the action of such inhibitors as oxygen or 
mercuric chloride. Side reactions, such as the polymerization or decomposition of for- 
maldehyde, the formation of phosgene, or one between hydrogen chloride and formalde- 
hyde, were so slow as to be negligible. 

Roman ^ claims to convert such aldehydes as formaldehyde into alcohols by the 
action of luminous energy from which harmful radiations have been filtered. 

Acetaldehs^e. Acetaldehyde is also partly polymerized and partly decom- 
posed into methane and carbon monoxide in ultraviolet light, even that of 
sunlight. In some experiments of Berthelot and Gaudechon particularly with 
extreme ultraviolet rays, it was observed that the proportion of methane to 
carbon monoxide was somewhat less than exactly that corresponding to a 
simple decomposition. This was assumed to be due to a polymerization of the 
acetaldehyde in part to paraldehyde which was then photolyzed to carbon monoxide 
and ethane or more complex substances. Radiations of wave-length 2500A caused 
a rapid polymerization, both paraldehyde and metaldehyde being formed. The 
presence of water checked these processes, but favored the formation of formic 
acid. It was also believed that even in the absence of oxygen, a portion of the 
aldehyde was oxidized to acetic acid. 

By comparison with a uranyl oxalate actinometer the quantum yield of which 
was taken as one, Bowen and Watts concluded that in the unsaturated vapor 
of acetaldehyde, the quantum yield for pol 3 nmerization is 1.6 and for decomposi- 
tion 0.4. The use of the more accurate value of 0.55 for the quantum yield 
of the actinometer found by Leighton and Forbes makes these values 0.88 and 
0.22, respectively. 

The absorption of acetaldehyde extends from about 3480 to 2300A, with a 
maximum at about 2890A, the absorption falling off on either side, according to 
Smith.^^® Bands with distinct rotational structure set in faintly at 3484A and extend 
to about 3300A, below which the structure gradually becomes more diffuse and dis- 
appears because of predissociation near 3080A. From this wave-length, however, 

J<»Glrosb, J, C., and Nandy, S. K., /. Indian Chem. Soc„ 6, 97S (1929); Chem, Abs., 24, 2055 (1930). 
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about 60 diffuse bands continue to 2820A,^i® According to Leighton and Blacet 
these diffuse bands extend even further to 2730A, and traces can be detected even at 
2660A, There is ako, underlying the banded absorptio^i, a broad continuous 
absorption, which begins at about 3080, that is, in the region where the bands' 
still show some rotational fine structure; it has a ma^timum at 2750A. The 
greatest total absorption (bands plus continuum) occurs at 1890 A.^^® 

Using the total radiation from a mercury arc, Smith found the rate of the 
decomposition of acetaldehyde vapor to be independent of pressure and directly 
proportional to the intensity of the incident light That of polymerization was 
directly proportional to pressure and proportional to the logarithm of the light 
intensity. Smith found that decomposition is produced chiefly by the shorter 
wave-lengths, and that polymerization could be produced throughout the absorp- 
tion band with an estimated quantum yield of only 0.04 for an average wave- 
length of 2650A. 

Leighton and Blacet in general confirmed the observations of Smith on the 
relative predominance of the two types of reactions at various wave-length 
regions by careful studies of the quantum yields of each at several pressures 
in the fine structure, predissociation and predominantly continuous regions. 
Fluorescence of the aldehyde vapor could be observed between 3342 and 2804A, 
but not at shorter wave-lengths. Because of this, it was suggested that a 
mechanism involving activated molecules must apply in these regions and be 
concerned with polymerization. It was found that the yield for the polymeriza- 
tion reaction at a pressure of 200 mm. dropped from 0.47 at 31 30A to only 0.1 at 
2S37A in the region of continuous absorption. Conversely, the yields for decom- 
position were 0.2 and 0.9 under these conditions. At 3 130 A there is consider- 
able fluorescence, the bands are not altogether without fine structure and the 
amount of continuous absorption is small. Here the yield of polymerization 
increases with the pressure from 0.266 at 14 mm. to 0.638 at 291 mm. The yield 
for decomposition decreases from 0.396 at 14 mm. to 0.193 at 291 rpm. This 
decrease was attributed to a removal of activated molecules, which were believed 
also to contribute to the process of dissociation. The mechanism suggested 
for the observations in this wave-length region were analogous to those of 
Norrish for the decomposition of formaldehyde in its long wave-length region. 

RCHO + hv > RCHO* 

RCHO* -f RCHO > (RHCO)*, etc. for polymerization. 

RHCO* ^ RHCO + hv (fluorescence.) 

RCHO* -f M > RHCO + M(K.E.) ^(deactivating collisions) 

RHCO* + M > RH CO H-M. (decomposition.) 

In the region of pure continuous absorption below 2730A Where the quantum 
yield of decomposition approaches unity, increasing the pressure had almost no 
effect on the yield. Ip this region, where there was no fluorescence, as well as in 
the diffuse predissociation bands, a decomposition mechanism was suggested as had 
been proposed by Herzberg. It differed from that of Norrish in assuming the 
presence of free radicals. 

i^«Schou, S. A., and Henri, V., Z, Physik, 49, 774 (1928); Henri, V., Trans. Faraday Sac., 25, 765 
(1929); Schou, S. A., /. chim. phys., 26, 1 (1929). 

Leighton, P. A., and Blacet, F. E., /. Am. Chem. Soc., 5S, 1766 (1933). 

^“For the influence of acids and alkalies upon the absorption spectra of aqueous solutions altenns 
the amount of an cnoHc form, see Schou, S. A., Compt. rend^ IM, 1452 (1927) and Fromageot, C., 
/. ckim, phys., 24, 623 (1927). 

Smith, J. H. C., lac. eit. 
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RHCO 4* hp > R 4* HCO 

R 4- HCO > RH -f CO 

R + R 4- M > Ra 4- M 

HCO -f HCO > H. 4* 2CO 

R 4- HCO + M > RHCO 4- M. 

That some pol3rmenzation (yield 0.1) could still be observed at these wave- 
lengths suggested the possibility that the free radicals could induce polymeriza- 
tion in other molecules through the formation of intermediate compounds. 

Particularly interesting results were obtained with the wave-length 3342 A 
which lies between two band maxima, so that the absorption isS ascribed prin- 
cipally to the weak underlying continuum. The result was a high quantum 
yield for decomposition as in the short wave-length regions (0.72-0.82) and 
little or no pol)anerization. This observation and the gradual changes in the 
quantum yields of the two processes, with no sharp breaks, agreed with the 
gradual transition observed between the different absorption regions. The max- 
imum probability of excitation to the upper electronic state which leads to dis- 
sociation occurs at about 3 100 A, very close to the point at which all rotational 
stl'ucture disappears from the bands. 

The chief support advanced for the proposed dissociation mechanism was the 
subsequent finding of hydrogen in the decomposition products by a new 
method of microanalysis, although Leighton and Blacet had been unable to 
detect it in their original work. From the ratios of hydrogen to carbon monoxide 
found at three wave-lengths, (0.05 at 3130A, 0.10 at 2804A and 0.155 at 2537A), 
it was concluded that the fraction of the molecules yielding hydrogen increases 
linearly from 10 per cent at 3130 to 31 per cent at 2537A. These observations 
made at 300 mm. favored a short-chain reaction at room temperatures. 

Leermakers found that at temperatures above 80° C., and with irradia- 
tion of acetaldehyde by 3130A, the short-chain reactions leading to the produc- 
tion of hydrogen were replaced by or accompanied by longer chains leading to 
the production of methane along with carbon monoxide. The rate of the chain 
reaction was proportional to the concentration of the aldehyde and to the square 
root of the light intensity. Below temperatures of 160° C., a term, 0.3 I, had to 
be added to the rate equation to cover that photolysis which was not a part of the 
chain reaction. The quantum yield increased enormously with the temperature 
reaching 310 at 309.5°C., when light of low intensity was used. In the case 
of formaldehyde, Leermakers also found a chain length of 100 at temperatures 
between 100° and 400° C. On the other hand, the acetone decomposition is not 
similarly affected, the quantum yield remaining at 0 76 at high temperatures. 
He suggests that acetone may follow the Norrish type of primary process, 
although acetaldehyde exhibits a chain mechanism involving methyl radicals. The 
energy of activation for the reaction: CHg 4- CH^CHO —> CH4 + CH3CO is 9.8 
kcal. and that of the formaldehyde reaction H4HCH0— > H^ + HCO is 16.2 kcal. 
Patat uses the para-hydrogen conversion method for calculating the free radical 
concentrations. Blacet and Volrnan now believe the Leermakers chain mechanism 
for the reaction at high temperature applies also at room temperatures. 

Blacet, F. E., and Foof, J. G., /. Am. Chem Sac., 58, 278 (19,36); Blacct, F K., and Volrnan, D , 
Ibid., fiO, 12-13 (1938). 

Blacct, F. E., and MiicDonald, G. D., Ind. Ena. Clwm., Anal Ed., 6, 3.14 (1934). Compare 
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Msermakers, J. A.. 7. Am, Chem, Soc., 56, 1537 (1934) 

F., Naturwiss., 24, 62 (1936); Z. physik. Chem, 32B, 274 (1936). 
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Pearson failed to detect free radicals in the primary products of the photolysis 
of acetaldehyde and of propionaldehyde (as well as methylbutyl ketone) hy their 
action on metallic mirrors, although they could be detected in the case of acetone, 
methyl ethyl ketone and diethyl ketone. Later, however, ^Pearson and Purcell 
succeeded in demonstrating the presence of free radicals in the case of acetaldehyde 
and attributed previous failures to the presence of a thin film of polymerisied 
aldehyde upon the mirrors. Since, when equal quantities of acetaldehyde and 
acetone were irradiated, six times as many free radicals were found as when 
the aldehyde alone was used, it was suggested that there may be some underlying 
difference in the mechanisms of the photolyses of aldehydes and ketones, although 
it was concluded that free radicals must be admitted, as Leighton and Blacet 
maintained, to play some part in the photolysis of aldehydes. Glazebrook and 
Pearson, who have measured the relative quantities of free radicals formed by 
the dissociation of a number of ketones, state that in the case of acetone, the 
acetyl and methyl radicals are formed in comparable quantities. The former, 
however, rapidly combine with one another to form diacetyl, and have a short 
life, possibly dissociating further into a methyl radical and carbon monoxide. 

It was earlier claimed by Ghosh and Nandy that the decomposition in dilute 
aqueous solutions involves a chain reaction, since the quantum yield is 13.4. 
They found the reaction to be imimolecular, the velocity coefficient being inde- 
pendent of the initial concentration. There was a small but definite temperature 
coefficient. 

Discherl states that acetoin, CH 3 CH(OH)COCHa, is formed when aqueous 
solutions of acetaldehyde or of pyruvic acid are irradiated by ultraviolet light, but 
the mechanism is not clear. A quartz apparatus designed for carrying out this 
reaction has been described by Benson and Cadenbead.^^® 

The action of ultraviolet light on triniethylacetaldehyde was shown by Hinter- 
berger to cause the evolution of carbon monoxide. Conant, Webb and Mendum 
isolated isobutane from a sample of this compound allowed to decompose for many 
weeks in daylight in the absence of oxygen. By filter experiments, it was 
shown that light in the range 2950 to 3200A was effective. The addition of a 
small amount of hydroquinone decreased the decomposition to a third. Similar 
results were also obtained with dimethylacetaldehyde. Ultraviolet light also 
accelerated autoxidation of the tri substituted aldehyde. 

Tn the case of proi)ionaldehyde, Leighton and Blacet reported results very 
similar to those for acetaldehyde. They indicated their belief that there may be two 
distinct primary processes, one of which occurring to the extent of 80 per cent or 
more yields directly RII and CO, as postulated hy Norrish. The other yields Rg, 
hydrogen (which could be detected), and carbon monoxide. They also extended 
their work to include n- and tVo-butyraldehyde.^^^ 

The quantum yields in the case of acetaldehyde and propionaldehyde are 

Pearson, T. C„ J. Chem Sor , 1718 (1934). 

WR (Pearson, T. G., and Pnrcell, R. H . Ckem Sor , 1151 (193S) ; 253 (1936); Glazebrook, H. H., 
and Pearson, T. G., Thid,, 1777, 

Glaxebrook, H. H., and Pcar.son, T. G., /. Chem, Soc„ 567 (1937). 

Ghosh, J. C, and Nandy, S. K., J. Indian Chem 6, 911 (1929); Brit. Chem. Ahs., 1930A, 

Discherl, W., Z, phvsiol Chem,, 188, 225 (1930). 

Benson, G., and Cadenhead, A., /. Soc. Chem. Ind,, 54, 40 (1934), 

^*0 Htnterberger, 11., Dissertation, Vienna, 1923; cited by Conant, J. B., Webb, C. N„ and Men- 
dum, W. C., /. Am. Chem. Soc., 51, 1248 (1929). 

Leighton, P. A., and Blacet, F. E., /. Am. Chem. Soc., 54, 3165 (1932). 

^Leighton, P. A., and Blacet, F. E., J, Am. Chem. Soc., 54, 3165 (1932); 55, 1766 (1933). 
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^catiy reduced in iht presence of small amounts of nitric oxidc.^®® The photo- 
chemical decomposition of isovalcraldchyde involves two types of reactions, accord- 
ing to Norrish and Bamford/^®** One, in line with the usual Norrish mechanism, 
yidds directly CO and isobutane and occurs to the extent of 47 per cent. The 
other, a new type of dissociation, gives rise to propylene and acetaldehyde, which 
then suffer further decomposition. In this case there is a rupture between the a 
and ft carbon atoms of the hydrocarbon chain, producing an olefin and a simpler 
aldehyde. This type of reaction has been found to occur more readily in ketones 
than in aldehydes and is said to be facilitated by extending the length of the 
hydrocarbon chain.^®® 

Oxidation of Aldehydes. It has been claimed that per-acids may be obtained 
by treating aldehydes with oxygen, under the influence of chemically active 
rays.^®® Taylor and Gould found the photooxidation of aqueous formalde- 
hyde solutions to be a chain reaction. According to Carruthers and Norrish,^®® 
the process is 

HCHO + 1/20. > HCOOH. 

Part of the formic acid decomposes to water and carbon monoxide and part to 
hydrogen and carbon dioxide. 45 per cent of the formaldehyde yields formic 
acid, 20 per cent water and carbon monoxide, 3 per cent carbon dioxide and 
hydrogen, 32 per cent is polymerized and a slight amount is photolyzed. The 
latter process may be reduced by the presence of a trace of iodine vapor. 

Acetaldehyde yields 59 per cent oxygen, 25 per cent carbon monoxide, 1.5 
per cent ethylene, 4 per cent methane and a trace of hydrogen. The condensed 
products give the reactions of peroxides, and the compound CHgCO.O.O.COCHg 
may be an intermediate product. The quantum efficiency of the process in the 
wave-length region 2480 to 27S0A is 11 moles decomposed per quantum absorbed. 
(It is ten in the case of formaldehyde.) In the presence of nitrogen, the quantum 
efficiency for the formation of biacetyl is approximately 22. The formation of 
an intermediate peracetic acid had been postulated by Bowen and Tietz who 
regarded it as tlie first step of a chain reaction. Its reaction with a molecule of 
acetaldehyde gives acetic acid, the formation of which had been noted by 
Bertholct and Gaudechon. On the other hand, its reaction with a second molecule 
of peracetic acid gives the comparatively stable intermediate peroxide the 
formula of which was given above. The rate of the reaction is, according to 
Bowen and Tietz, independent of the oxygen concentration and proportional 
to the acetaldehyde concentration and to the square root of the light intensity. 
It is essentially the same at various wave-lengths within the absorption band of 
the aldehyde. In hexane solutions, alcohol acts as an inhibitor and the reaction 
becomes directly proportional to the light intensity. 

Further evidence for the chain nature of the oxidation of aldehydes both 
in light and darkness has been given by Backstrom,^^® who investigated par- 

"•Mitdkll, J. W., atid Hmshelwood, C. N., Pror. Roy. Soc., 159A, 32 (1937). 

Norrish, R. G. W., and Bamford, C. H., 7. Chem. Sac., 1504 (1935). 
i«®For the behavior of normal and isohutyraldehydea which, in the main, resemble acetaldehyde, sec 
Leighton, P, A., Levanas, L. D., Blacet, F. E, and Rowe, R. D., J. Am. Chem. Soc., 59, 1843 (1937). 
^Consortium fiir Elektrochemische InduHirie, British Patent 16,849, July 22, 1913. 

Taylor, H. S., and Gould, A. J., 7. Phys. Chem., 37, 367 (1933). 
iw Carruthers, J. E., and Norrish, R. G. W., 7. Chem. Soc., 1036 (1936). 

Bowen, E. J., and Tietz, E. L., 7. Chem. Soc., 23 (1930); see also Cantieni, R., Z. wiss. Phot.t 
36, 119 (1937) for the formation of a peroxide during the irradiation of paracetaldehyde in oxygen. 
^mctmrdrn, H., 7. Am. Chem. $ac„ 49, 1460 (1927). 
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ticularly benzaWefayde and aianthaldchydc. The maximum yidds amounted to 
about 10,000 for the former and 15,000 for the latter. He has also shown that 
the ketone-sensitized oxidation of aldehydes has the same chain mechanism as 
the photochemical oxidation: * 

H 

RCHO + hp > R-C^-0- (called ‘lifting** the carbonyl) 

H H 

/ / / 

R—C -O— -f RCHO — ► RC —OH + R— C 

0 — 0 — 


+ R— CHO 


-f- R — C 


O— OH 


-f* R-— C 


4- R— C 


The chains are broken by the mechanism: 


H 0-0- 

/ / 

R—C — OH + R— C 

\ \ 

O 


H OOH 

/ / 

R— C 4R-C 

\ \ 

0 0 


This mechanism was believed to be in agreement with the rates found by Bow'cn 
and Tietz in the case of gaseous acetaldehyde. 

Bogert and McDonough have studied the rates of autoxidation of seven- 
teen aldehydes used in perfumery. With the exception of salicylaldehyde, they are 
subject to autoxidation in daylight and in darkness, the daylight rates being, 
except in the case of the cinnamaldehyde types, considerably greater than those 
in darkness. The temperature coefficients were the same for both the light and 
dark reactions. 

Unsaturated Aldehydes. Acrolein is unaffected by diffused daylight in 
two months when exposed in sealed tubes, but sunlight solidifies about one-third 
of it in quartz tubes in twelve days and the mercury arc completely solidifies it 
in hours,^^® 

Thompson and Linnett have found its absorption spectrum to consist of two 

i«Backstr6m. H., Z. physik. Chern,, B25, 99 (1934). 

Bogert, M. T., and McDonougli, E. G., Drug and Cosmetic Ind„ 32. 312, 332, 514, 533, 535, 538. 
540 (1933); Chem. Abs„ 27. 4625 (1933). 

Moureu, C., Murat, M.. and Tampier, E., Ann, chim , 15, 221 (1921); Compt. tend,, 171. 1267 
(1921); Chem, Ahs., 15. 2220 (1921); 16, 55 (1922); Moureu, C., Dufraisse. C., and Badoche, M., 
Butt. soc. chim., 35, 1572, 1591 (1924) have also investigated its oxidation in light, 

Thompson, H. W., and Linnett. J. W., hfatnre, 134. 937 (1934); /, Chem. Soc., 1452 (1»35>. 
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widely separated regions. Between 3800 and 2900A there are hands with fine 
rotational structure, at least at the long-wave end, and no underlying con- 
tinuum, No fiuorescence, however, could be observed on irradiation within this 
region, but polymerization occurred. The maximum absorption was found at 
3450A. The bands in the second absorption region beginning at 2350A were 
narrow and diffuse and probably accompanied by a continuum, at least at the 
shorter wave-lengths. Recently, Eastwood and Snow have given detailed 
analyses of the spectrum of this and other aldehydes, including some saturated 
ones. Blacet, Fielding and Roof state that in the region of sharp bands (3660- 
3130A) the quantum yield for polymerization is less than 0.5. At 3020A where 
the absorption is very diffuse, it is 1.0. On the border between banded and 
continuous absorption (2804 A) it is 10, and in the continuous region at 2654- 
2537A, it is 19. Free radicals are assumed to play a part in the mechanism. 
There is an induction period. Irradiation also produces small quantities of 
acetylene but the quantum yield for dissociation is low, about 0.01 at .3665A. 

Sigmund^^^ held the theory that the presence of a carbon-to-carbon double 
bond, or a phenyl group, or of both together in an aldehyde molecule, stabilizes 
the carbonyl group, presumably in some manner by ^'partial valences.” After 
saturation, the carbonyl group can be split off in the usual manner by the 
action of ultraviolet rays. Thus, hexahydrophenylacetaldehyde split off gas con- 
taining 80 per cent of carbon monoxide and bexahydrotoluene could be isolated. 
Hexahydro-^-phenylpropionaldehyde also eliminated carbon monoxide but at a 
lower rate. The residue consisted of higher polymerization products of the 
aldehyde, tile trimer being isolated. Dodecylaldehyde gave a gas containing 80 
per cent of carbon monoxide and in the residue was identified. 

A similar inertness has been found by Blacet and” Roof in crotonaldehydc 
which has an absorption spectrum resembling that of acetaldeh^^de shifted toward 
the red by several hundred A. It has discrete hands beginning at 3800A and con- 
tinuing to 3245 A where the bands begin to fade. From 3090 to approximately 
2600A the absorption is apparently continuous. At 25 50 A a second region of 
continuous absorption begins and extends into the Schumann region. It is 
attributed to an electronic transition in the hydrocarbon end of the molecules. 
At 3660A only one quantum out of 150 was effective in causing a reaction, prob- 
ably a polymerization. The wave-lengths 3130, 3020, 2804, 2654, 2537 and 2399 A, 
all but the first of which are in regions of apparently continuous absorption, 
caused no detectable decomposition. Similar results were obtained when the 
aldehyde was subjected to the action of excited mercury atoms, but in the presence 
of oxygen a photochemical oxidation of the aldehyde vapors occurred. 

Two explanations of this inertness in a region indicative of dissociation were 
suggested. The first, which relates the stability in some manner to the presence 
of conjugated double bonds, assumed that the absorption might be only apparently 
continuous, the energy of excitation being rapidly dissipated in other modes 
of vibration than that of the carbonyl group responsible for the absorption. More 
acceptable, however, would be the view that the continuous region implies, as usual, 
a true dissociation, but that this is followed by a rapid recombination. The 
need for the occurrence of three-body collisions may decrease in the case of such 

"“Eastwood, E., and Snow, C. P., Proc. Roy, Soc,, 14»A, 4.14, 446 (1935). 

"“Blacet, F. E., Fielding, G, H., and Roof, J. G., /. Am. Chem. Soc., 59, 2375 (1937). 

"T Sigmund, F., MtmaUK, 52. 18S (1929). 

. Mflller, A., Sexfef^iedeT'^Ztg., 62. 441 (1936); Chem, Ahs.f 30, 7556 (1936), notes a polytnefijta^ 
t!on of phenylacctaldehyde in sunlight. 

‘^Btucet, F. E., and Roof, J. G., 7. Am. Chem. Soc,, 58, 73, 608 (1936). 
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a complex molectde, the excess energy going into some kind of excitation. 
This was believed to be in line with the fact that the quantum yields for decom- 
position of the higher saturated aldehydes are less than %nity in the continuous^ 
absorption region, decreasing with increase in the molecular weight. 

To summarize the reactions of the aldehydes, it may be stated that some 
on activation dissociate to yield carbon monoxide and hydrocarbons, although 
a certain percentage of the molecules appear to dissociate to give free radicals.^®^ 
Furthermore, in the gas phase, the simpler aldehydes and ketones produce carbon 
monoxide and hydrocarbons, but the more complicated members tend to dis- 
sociate to yield simpler aldehydes or ketones and unsaturated hydrocarbons. 
Unsaturated aldehydes such as acrolein or crotonaldehyde are relatively inert.^®® 
Recently, a number of aldehydes have been studied in aqueous solution by Farkas 
and Hirschberg.^®’^ The quantum yields for molecules destroyed are: formal- 
dehyde, 0.5; acetaldehyde, 2.5; propionaldehyde, 1.8; crotonaldehyde, much less 
than one. In the case of acetaldehyde, acetaldol is formed; the formation of an 
aldehyde molecule with free valences may be the primary process. 

Ketones. Berthelot and Gaudechon found acetone to be rapidly decom- 
posed by ultraviolet light, the gas formed having 49 per cent carbon monoxide, 
46 per cent ethane and but 5 per cent methane. In aqueous solutions, carbon 
dioxide was also formed. With sunlight and air, acetic acid was also formed.^®® 

Henri and Wurniser definitely showed the reaction to be related to the 
ultraviolet absorption spectrum of the carbonyl group.^®^ 

At first it was believed that absorption in the region about the maximum 
was continuous, Noyes stating that no fine structure or discontinuities had 
been reported in the absorption curve even when long path-lengths of acetone 
vapor at low pressures were studied. He believed it an open question as to 
whether it is justifiable to assume that this implies a primary dissociation 
process in analogy with the continuous spectra of diatomic gases, since in such 
complex molecules reasonance effects might lead to an overlapping ' of energy 
levels sufficient to preclude the appearance of any very marked banded structure. 
Noyes preferred to regard the primary process as of the type of predissociation 
by collision. More recently, however, Bowen and Thompson using long 

Roll ef son, G. K., 7. Phyu Chem , 41, 259 (1937). 

See, however, Norrish, R. G. W., and Baraford, C. H., Nature, 140, 195 (1937). They also 
investigate the reactions m liquid paraffin solution at 100", the products consisting of CO, RH and 
R'U, the latter being produced by dehydrogenation of the solvent by the alkyl radicals. 

It has been observed by Kuhn, R., Badstubner, \V., and Grundraann, C., [Ber., 69B, 98 (193€)] 
that pure crotonaldehyde does not undergo condensation with piperidine unless it has been expos^fd to 
sunlight or to a quartz lamp. The irradiation is believed to produce a compound, probably CH-iCH 
“CHCOOH, by auloxidation This is thought to be necessary for the condensation. 

Farkas, L., and Hirschberg, Y., 7. Am. Chem. Soc , 59, 2453 (1937), 

^'54 Berthelot, D., and Gaudechon, H,, Compt. rend, 151, 478 (1910). 

Berthelot, D., and Gaudechon, H,, Compt. rend., 150, 1164 (1910). 

Henri, V., and Wurmser, R , Compt. rend,, 155, 503 (1912); see also Porter, C- W., and Iddings, 
, 7. Am. Chem. Soc., 48, 40 (1926) and Wiesler, K , Z anqew Chem., 40, 1023 (1927). 

Bowen, E. J., and Thompson, H. W, Nature, 133, 571 (1934); Norrish, R. G, W., Nature, 133, 
837 (1934); Norrish, R. G, W., Crone. H. G., and Saltmarsh, O. D„ 7. Chem. Soc., 1456 (1934); 
Scheibc, G., Povenz, F., and Lindstrom, C. F., Z. pkysik. Chem,, B20, 283 (1933). The influence of 
various substituents has been studied by Lowry, T, M., and Lisrunund, R. E., [7. Chem. Soc., 1313 
(1935)] and by Herold. W., [Z. physik. Chem., B18, 265 (1932); Z. Blektrockem., 38, 633 jl932)3. The 
effects of solvents of varying polarity have been described by Wolf, K. L., \Z, pkysik. Chem., 2B, 39 
(1929)], Kremann, R., Pestemer, M., and Bernstein, *P., IMonatsh., 61, 351 (1932)J, and Pcstemer, M-, 
iZ. Blektrockem., 40, 493 (1934)]. 

Ley H., and Arends, B., Z. phystk. Chem., 12B, 132 (1931); Schetbe, G., and LindstrSm, C. F., 
Z. physik. Chem., B12, 387 (1931). 

IBS Noyes, W. A., Jr., Rev. Modern Physics, 5, 285 (1933). Noyes has rcsenily attempted an inter- 
pretation of the near ultraviolet absorption spectrum, Trans. Fmaday Soi , 33, 1495 (1937). 

Bowen, E. J., and Thompson, H. W., Nature, 133, 571 (1934), 
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columns ol acetone rapor at pressures of 0*5 to a few millimeters detected four 
Ifroups of bands each composed of about 25 diffuse bands. Their centers were 
at 31 So, 2900, 2710, and 2570 A. At higher pressures (up to about 200 mm.) 
the bands widened to produce a region of continuous absorption extending from 
3200 to 2400A, with its maximum at 2800A, characteristic of compounds con- 
taining the carbonyl group. They discarded the hypothesis that predissociation 
splits a carbon-hydrogen or carbon-carbon bond, and attributed the diffuseness 
erf the bands merely to an unresolved close packing of rotation lines, which they 
believed similar to that in the spectra of other Y-shaped molecules. 

Further evidence came from a study of fluorescence. It was found by 
Damon and Daniels that acetone vapor shows a green fluorescence when 
irradiated by wave-lengths shorter than 3130A. Tt is blue in the presence of a 
traqe of oxygen, but changes to green when the latter has been removed by a 
photodxidation of some of the acetone. Norrish, Crone and Saltraarsh,^®^ found 
the absorption spectrum of acetone vapor to consist of a continuous band between 
about 3000 and 2200A with a few faint maxima, and a region of discrete absorp- 
tion between 3340A and about 2950A, thus slightly overlapping the continuous 
region. Fluorescence was produced only by absorption in the continuous region, 
its maximum intensity being excited by the absorption of the wave-length 3050A. 
The fluorescence spectrum excited by the mercury arc consisted of three diffuse 
bands with maxima at 5100, 5600 and OlOOA.^®^ The specific effect of oxygen 
was attributed to the removal of oxygen by excited acetone and the formation 
of a second transient fluorescent substance. The fluorescence of acetone vapor was 
unaffected by the addition of nitrogen, but its intensity increased with increasing 
pressure of acetone vapor.^®^ The characteristics of the fluorescence were thought 
to argue against the concept that it arises from excited molecules of the usual 
type formed in the continuous region. Furthermore, the assumption of Bowen 
and Thompson that the apparently continuous bands are really composed of 
unresolved closely packed rotation lines would not account for the abrupt appear- 
ance of fluorescence observed to occur at the wave-lengths at which the diffuseness 
of the bands begins.^®^* 

Norrish suggested that the energy absorbed by the chromophoric carbonyl 
group passes to some other linking or linkings in the molecule by a process 
similar to the radiationless transfer in a collision of the second kind. A portion 
may lead to the formation of free radicals by decomposition, a portion may lead 
to a decomposition of the molecule by a process of the type discussed for aldehydes 
which produces carbon monoxide and ethane, and a portion, less than 3 per cent, 
may be lost by fluorescence. 

Although Bowen and Watts, who used nonmonochromatic light, reported 
a quantum yield of 1.8 for the photolysis of acetone vapor, Darnon and Daniels 
found it much lower, only about one of every five or six absorbed quanta leading 
to chemical reaction, including both decomposition and condensation processes. 
The yields were about the same for radiations of 3130 and 2650A. Decreasing the 

Damon, G. H., and Daniels, F., /. Chem. Sac, 55, 2363 (1933). 

«»Norri®li, R. G. W„ Crone, H. G„ and Saltmarsh, O. D., J. Chem, Sac., 1456 (1934). 

^ The visible and diffuse fluorescence is accompanied also by ultraviolet emission of fine sharp lines, 
interpreted as predtssociation in emission by Crone, H. G., and Norrish, R. G, W., Nature, 132, 241 
(1933). See also Padmanabhan, R., Proc. Indian Acad. $ci., 5A. 594 (1937); Chem. Abs., 31, 8379 
C1937K Matheson, M, S., and Noyes, W, A., Jr., /. Am. Chem. Sac., 60, 1857 (1938). 

^Bttt compare, Fisk, C. F,, and Noyes, W. A., Jr., J. Chem. Physics, 2, 654 (1934). 

"“‘Nbrrish, R, G. W., Nature, 133, 837 (1934). 

Bowen. E, J,. and Watts. H. G., /. Chem. Soc., 1607 (1926). 
t ^ Damon, G. H., and Daniels, F., J. Am* Chem. Soc., 55, 2363 (1933). 
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intensity to about one-tentb increased the qumitum yield by more than SO per tent 
Reducing’ the acetone pressure to one-tenth atmospheric reduced the quantum 
yield to roughly one quarter that at atmospheric pressure. ^ 

Condensation reactions occurred only in the presence of traces of moisture.’ 
It was suggested that under these conditions diacetone alcohol was produced. 
The latter could be photolyzed by the wave-length 36S0A to the same products 
of photolysis as those of acetone. The alcohol shows a green fluorescence when 
irradiated by the wave-lengths 3650, 4050 or 4360A, but only slight fluorescence 
at 3130A or shorter wave-lengths. 

Damon and Daniels found the products of photolysis of acetone to include 
carbon monoxide, ethane, methane, hydrogen and free carbon. Their mechanism 
was based on the assumption that activated molecules split off carbon monoxide, 
the remaining methyl groups combining in more than half the molecules to form 
ethane. Norrish, Crone and Saltmarsh found 46.6 per cent carbon monoxide, 
44.2 per cent ethane and 9.2 per cent of methane and confirmed the quantum yield 
measurements of Damon and Daniels. Light absorbed both in the regions of 
discrete and continuous absorption leads to decomposition, the yields being 0.2 at 
3 ISO A and 0.4 at 2650 A. The full mercury arc gives somewhat less than 10 per 
cent of methane, possibly derived from a photoreaction in some liquid acetone 
also present. They believed the primary process to consist, as discussed in con- 
nection with their fluorescence observations, in the formation of free methyl radi- 
cals and the liberation of carbon monoxide. That the quantum yields were low, 
even in the continuous region, was accounted for only to a slight extent by the 
observed fluorescence. They preferred to conceive of the absorbed energy being 
for the most part degraded to heat by a process of internal stabilization in which 
the energy absorbed by the carbonyl group is divided up among the various 
forms of motion possible in the complex molecule. The theory of Norrish is 
of considerable importance in emphasinzmg the possibility that energy absorbed 
in producing an electronic transition in one part of a molecule need npt remain 
localized if the molecule is complex. The energy absorbed by the carbonyl group 
amounts to about 90 kcal. It is then partly transferred by resonance to the part 
of the molecule to be decomposed, about 25-65 kcal. being required for each link- 
ing to be broken. The formation of carbon monoxide suggested the simultaneous 
breaking of two linkages.^®® 

Spence and Wild believe that at temperatures below 60®, the primary 
process may consist in the rupture of but one linking with the formation of methyl 
and the acetyl radicals, since they were able to isolate large volumes of biacetyl 
from the liquid products of the photolysis of acetone." They found the ratio of the 
volume of ethane produced to that of carbon monoxide to be 1.5. At higher tem- 
peratures, however, the ratio is unity, and some methane is formed,^®® suggesting 
that under these conditions, the acetyl radical is short-lived. In the banded absorp- 
tion region, the decomposition is slow and the ethane to carbon monoxide ratio 
is nearly one. 

The reaction is increased by an increase of temperature, Winkler^®® finding 

iwNorrJsh, R. G. W., Ada Physicochim. U.R.S.S., 3, 171 (1935); Chem, Ahs., 30, 2493 (1936), 

Spence. R„ and Wild. W., Nature, 138, 205 (1936); J. Chem, Soc„ 3 52 (1937). 

See also Taylor, H. S., and Rosenblum, C., {/. Chem, Phys., 6, 119 (1938)1, who investigated the 
reaction in the presence of hydrogen. They believe the major primary process to be dissociation to 
methyl radicals* and consider especially the activation energies of the secondary processes, condnding 
the ethane to result either from a wall reaction with zero activation energy or from a bimoleciiiar 
process of small activation energy. 

Winkler. C A., Trans, Paraday Sac., 31, 761 (1935). 
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the qtiantum yield at 100®C. to be five times that at 60®€. This higher yield is 
maintamed up to 400® C. The effect of temperature is much greater when the irra- 
diation is by longer wave-lengths than by shorter ones. This may be due to the 
fact that the thermal energy of the molecule contributes more to the dissociation 
process when small quanta are absorbed than when larger ones are employed- At 
400®C*, the reaction products included a considerable quantity of methane and 
unsaturated compounds, indicative of the photochemical formation of ketene, 
CH2”**C=*'0. Leermakers also found the quantum yield for carbon monoxide 
formation to be nearly unity in the temperature range 200° to 400® C., the carbon 
monoxide in the reaction products decreasing from 50 per cent to approximately 
33 per cent He also found that methyl radicals do not initiate a chain decom- 
position of acetone below 400®C. 

Mention has not yet been made of the fact that the absorption by acetone 
increases from a minimum at about 2115A toward shorter wave-lengths, photolysis 
being pronounced below 2000A.^^i A vibrational analysis of the group of bands 
extending from 1960 to about 1800 A has been given by Noyes, Dunning and 
Manning,^*^^ who photographed the spectrum down to 1200A and found other 
bands ascribed to different electron transitions below 1800 A. According to Man- 
ning, wave-lengths in the range 1900-2000A have little effect on acetone at 
pressures around 100 mm. The most effective ones are those shorter than 1700A ; 
these produce increased amounts of hydrogen. At very low pressures (0.025 mm.), 
however, wave-lengths in the range 1850 to 2000 A are more effective, but form 
only small amounts of gaseous hydrocarbons. The presence of a condensed non- 
volatile hydrocarbon was suspected. Howe and Noyes find that in this range 
the quantum yield is independent of the intensity, but increases with decreasing 
acetone pressure to a limit of 0.65. It is increased by the addition of nitrogen, 
ethane or carbon dioxide. 

In hexane solution, the rate of decomposition is less than when the acetone is 
in the vapor form, and the quantum yield decreases with increasing acetone con- 
centration.^*^® Gases are not evolved and the chief products are a substance capable 
of absorbing bromine readily, and an alcohol, probably diinethyl-«-hexyldimethyI- 
carbinol. Similarly, the reaction in carbon tetrachloride as solvent evolves no gas. 
In benzene solution, no photochemical reaction occurs. 

In an aqueous solution, the production of formaldehyde as well as of acetic 
acid has been noted by Qureshi and Taber. The quantum yields varied between 
0.13 and 0.14 for concentrations 0.05 to 0.5 molar in acetone. The temperature 
coefficient of the rate was 1.52,^'^'^ 

Berthelot and Gaudechon observed that one cc. of a 10-per cent solution of 
dihydroxyacetone evolved 0.2 cc, of almost pure carlx>n monoxide during 12 hours 
of exposure to sunlight. They also studied the behavior of diethylketone."^^® 

Leermakers, J. A,, J. Am. Chem. Soc., 56, 1899 (1934). 

H., and Arends, B., Z fihystk. Chem., 12B, 132 (1931). 

^ Noyes, W. A, Jr,, Bunmng, A, B. F., and Manning, W M, / Chem. Phyucs, 2, 717 (1934); 
3, 131 (1935); Howe, J. P., and Noyes, W. A., Jr., /. Am. Chem. Sor., 58. 1404 (1935). 
iw Manning, W. M., /. Am. Chem. Sec., 56, 2589 (1934). 

»»*Howc, J- P., and Noyes, W, A., Jr., /. Am. Chem. Soc., 58, 1404 (1936). 

Bowen, E. J,, and de la Praudiire, E, /, Chem. Soc., 1503 (1934); Bowen, E. J.. and Horton, 
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Qureshi, M., and Tahcr, N- A., Nature, 127, 522 (1931); J Phys. Chem., 36, 2670 (1932). 
the f)hoto6xidation of acetone vapor, sec P, Fugassi, J. Am. Chem Soc., 59, 2092 (1937). 

l^ertbelot, D., and Gaudechon, H., Compt. rend., 155, 401 (1912). 
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Norrish and Appleyard found that, in the light of a mercury arc, about 80 per 
cent of the molecules of methylethylketone which decompose yield carbon monoxide 
and a mixture of ethane, propane and butane, the remainder forming ethylene and 
acetaldehyde.^®^ Methylbutylketone yielded propene and ^acetone. In the range 
2480 to 2770A the quantum yield of the decomposition of this ketone at 760 mm. 
and 127® C. by the process yielding carbon monoxide, methyl and butyl radicals is 
approximately 0.03, and by that yielding acetone and methylethylene, 0.27. That 
for condensation or polymerization is approximately 0.04.^®^ 

The absorption spectrum is diffuse and fluorescence is not observed. Similarly, 
dipropylketone exhibits two types of change on irradiation.^®® One type (37 per 
cent of the molecules decomposed) yields carbon monoxide and hexane, and the 
other (63 per cent) forms ethylene and methylpropylketone. In this reaction, 
Pearson and Purcell detected the formation of the propyl radical by the mirror 
test and gave its half-life period as 2.3xl0~® second. In cyclohexanone, 10-per 
cent solutions of methylbutyl ketone and dipropylketone yield 98 per cent of 
methylethylene and ethylene, revspectively, at 20®C. But at i00®C., dipropylketone 
gave also carbon monoxide and ethane. Two mechanisms accordingly seem neces- 
sary. One involves activated molecules with relatively long lives which are 
readily destroyed by collisions with the solvent molecules. The other involves 
excited molecules of such short life that the solvent molecules have no time to 
intervene between the time of activation and the subsequent decomposition.^®® 
Saltmarsh and Norrish have decomposed the vapors of cyclopentanone, 
cyclohexanone and cycloheptanone in the light of a quartz mercury arc. From 
80 to 95 per cent of the last-named ketone decomposed to give cyclohexane and 
carbon monoxide and 4 per cent went to methylethylene. Of the cyclohexanone, 
92 per cent gave carbon monoxide and cyclopentane and 8 per cent went to ethylene, 
methylethylene and carbon monoxide. Half of the cyclopentanone gave ethylene 
and carbon monoxide and half went to a mixture of propylethylene, .yym-dimethyl- 
cthylene and carbon monoxide. 

Irradiation of isopropenylmethyl ketone by means of a quartz lamp produces 
in five days a solid polymer, soluble in acetone and precipitated as a colorless 
powder by methyl alcohol,^®'^ Under the same conditions, neither propenylmethyl- 
ketone nor mesityl oxide polymerizes. The polymerization could take place by 
l,4-additi()n as with rubber, through the carbonyl group analogous to the poly- 
oxymethylenes and by the ethylene linkage with the formation of a paraffin deriv- 
ative. Combinations of these methods of polymerization would lead to three- 
dimensional structures, hut the solubility of the product did not support the 
occurrence of such a complication. The molecular weight of the polymer, as 
determined by the Staudinger viscosity method, was 34000. 

^Norrish, n. G. W., and Appl^ard. M., 7. Chem, $oc., 874 (1934). For results at 300® in liquid 
paraffin solution, see Norrish, K. G Vv., and Bamford, C. H., Nahi.re, 140, 195 (1937); Norrish, R. 
G, W., Trans. Faraday Soc., 33, 1521 (1937). Here the free radicals react mainly with the solvent 
rather than combine together. 

At 3130A, 11 per cent of the reaction goes to diketones. Biacctyl is also formed when the 
irradiation is in the range 1850 to 2000 A. In this range the quantum yield for carbon monoxide for- 
mation increases from 0.7 to 0.88 as the pressure decreases from 90 mm. to 0.1 mm. The total quantum 
yield for the decomposition approaches unity at low pressures. Elhs, V. K., and Noyes, W. A., Jr., 
7. Am. Chem. Soc., 60, 2031 (1938). 

“a Bloch, B. M„ and Norrish, R. G. W., 7. Chem. Soc., 1638 (1935). 

’^Bamford, C. H., and Norrish, R. G. W., 7. Chem. Soc., 1504 (1935). 

Pearson, T. G., and 'Purcell, R, H., 7. Chem. Soc,, 253 (1936), 

Norrish, R. G. W., and Bamford, C. H., Nature, 138, 1016 (1936). 

SaltmArsh, O. D.. and Norrish, R. G. W., 7. Chem. Soc, 4';s (1935); see also Norrish, R. G. W.. 
Acta Physicochm. U,R.$.S,, 3, 171 (1935); Chem. Abs., 30, 2493 (1936). 

^ Staudinger, H., and Ritzenthaler, B., Ber., 67B, 1773 (1934). 
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According to Bowen and de la Praudiere,^*^*^ liquid benzophenone at 100®C*, 
afaowed no change after irradiation for nine hours with a mercury arc, and aceto- 
phenone no change after seven hours. When a 0.1 molar solution of benzophenone 
in hetone was irradiated, benzopinacol crystallized out, being formed with a quan- 
tum efficiency of 0.04. None was formed when carbon tetrachloride was the solvent. 

The quantum efficiency of the photopolymerization of biacetyl in solutions in 
hexane or ether by wave-lengths between 4360 and 3660A is greater the more 
dilute the solutions. Bowen and Horton^®® account for this by an explanation 
which Bowen also used to account for the more rapid decomposition of various 
ketones in solution than in the pure liquid state. This was to the effect that the 
primary excited level is not reactive but passes, if not deactivated by a collision 
within 10*^® second, into a second excited level which is reactive. 

Ketene. The absorption spectrum of ketene vapor consists of a series 
of regularly spaced diffuse bands in the region of carbonyl absorption, 3700 to 
2600A^ The maximum absorption is somewhat displaced to longer wave-lengths 
occurring at 3100A.^®® No difference exists between the absorption spectra of 
aldoketenes of the type H 2 C-CO and ketoketenes, R 2 C=CO. There is also a 
region of continuous absorption beginning at 2200 A and ascribed to the ethylene 
Unking. Fluorescence is lacking in ketene. 

Irradiation with the mercury arc leads to decomposition with the formation 
of two volumes of carbon monoxide and one of ethylene. Norrish, Crone and 
Saltmarsh believe that light energy absorbed by the carbonyl group is transferred 
to the ethylene group with consequent rupture. 

CHt«CO -f hv > CH» + CO 

This is followed by the process : * 

CH. -I- CHa«CO > C»H4 4- CO. 

Ross and Kistiakowsky interpreted the above-mentioned primary process 
as due to predissociation in accordance with the nature of the absorption spectrum, 
no cdlisions being necessary. They found the decomposition to occur with a 
quantum yield of approximately unity at 3 130 A. The accumulation of ethylene 
stops the reaction. A solid film deposited on the walls of the reaction vessel must 
have the composition (CH 2 )n since no free carbon deposits were obtained and no 
hydrogen was liberated. 

Ross and Kistiakowsky thought the addition«il energy required to break tlie 
double bond over that available in the absorbed quantum might be derived from 
the resonance energy of the carbon monoxide formed in the decomposition. The 
secondary reaction of Norrish was rejected because the quantum yield proved to 
be unity. The methylene radicals formed in the primary process must react with 
each other to form ethylene. The slowing down of the reaction by ethylene must 
be ascribed to the reaction of methylene groups with ethylene with formation of 
the solid polymer. Thus, methylene radicals appear to combine readily to ethylene 
in a bimolecular reaction, although methyl radicals do not combine so readily to 
form ethane. At 3660A, where the banded structure is more pronounced and 

MW Bowen, E. J., and de la Praudi^re, E., /. Chem. Sac,^ 1503 (1934). 

Bowen. E. J., and Horton, A. T., /. Ckem. Soc., 1505 (1934). 

Norrish, R. G. W., Crone. H. G., and Saltmarsh, O. D., J. Chem Soc., 153 3 (1933): Lardy. G. C., 
/, pkys., 21, 353 (1924) 

W. F., and Kistiakowsky, G. B., f. Am. Chem. Soc., 56, 1112 (1934). 
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prcdissociatjon less probable, the quantum yield of the reaction, which occurs but 
slowly at this wave-length, appears to be less than unity, 

Norrish, Crone and Saltmarsh do not agree that observed quantum 
yields necessarily exclude the occurrence of their secondai^ reaction, since it is 
known that in polyatomic molecules, as acetone, etc., the quantum yield of the 
primary process may be less than unity throughout a considerable portion of a 
region of continuous absorption. 

Diketones. In a-dicarbonyl compounds, such as glyoxal, the conjugation 
of the double bonds moves the absorption into the visible.^®* Glyoxal vapor, which 
has its maximum absorption between 4550 and 41 23 A, gives as the main products 
of decomposition carbon monoxide and a solid consisting of a polymer of the 
hitherto unknown glycerosone, CHgOHCOCHO. About 2 per cent of hydrogen 
was also obtained as a result of a second reaction.^®* 

Schwenk and Borgwardt prepare unsaturated a, ^-diketones by subjecting 
aromatic, hydroaromatic or aliphatic compounds in which a methylene group is 
directly coupled to an ethylene linkage, to the action of selenium dioxide and 
ultraviolet rays without heating. Thus, from a-indene is produced a ketone, 
QoHuO. 

Biacetyl vapor is decomposed by ultraviolet rays with the production of ethane 
and carbon monoxide. An aqueous solution yields acetic acid and acetaldehyde.^®® 
Observations by Grossmann ^®^ on the absorption spectrum of ethylacetoacetate 
show that it is decomposed by ultraviolet rays, yielding mainly ethyl acetate and 
acetic acid. Under the same conditions, acetylacetone gives acetic acid and ace- 
tone.^®® Vitoria ^®® finds that light from a quartz lamp causes partial polymeriza- 
tion and decomposition of gaseous acetylacetone with formation of carbon mon- 
oxide. With light of wave-lengths longer than 3050A, only polymerization occurs. 
Liquid acetylacetone, or its solution in carbon tetrachloride, undergoes a decided 
polymerization, but does not decompose to yield carbon monoxide. Walker and 
Wild^®® find acetyl peroxide to yield on photochemical decomposition, carbon 
dioxide, methane and some ethane. 

Carbohydrates. In contrast to the observations of Bielecki and Henri 
and of Niederhoff,-®^ ?Tenri and Schou^os found that solutions of very pure 
dextrose showed no indication of an absorption band due to the carbonyl group 
at 2800 A, most of the molecules having a ring structure. Alkaline solutions, 
however, exhibit the band, the number of molecules in the aldehydic form depend- 
ing on the age, temperature and pH of the solution. Similar conclusions have 


Norrish, R. G. W., Crone, H. G., and Saltmarsh, O. D., /. Am. Chem. Soc., 56. 1644 (1934). 
Lathy, A., Z. physik, Ckcm., 107, 302 (1923); Purvis. J. R. and McQcland, N. P., /. Chgm. 
Soc, 101, 1810 (I9li); Neuberg^, (;., and ^hou, S. A., Bwenem. Z., 191, 466 (1927); Marchlewski, L,, 
Pizlo, J., and Urbanezyk, W., Biocnem Z,, 264, 437 (1933). 


i»^Nornsh, R. G. W., and Griffiths, J. G. A , J. Chem. Soc., 2829 (1928). 

Schwenk, E., and Borgwardt, E., German P. 608,136, Jan. 17, 1935, to Schering-Kahlbaum, A.-G.; 
Chem. Abs., 29, 6246 (1935). 

100 Porter, C. W., Ramsperger, H. C., and Steel, C., /. Am. Chem. Soc., 45, 1827 (1923). 
^Grossmann, P,, Z. physih, Chem,. 109, 305 (1924); Chem. Ahs., 19, 39 (1925). 

Morton, R. A., and Rosney, W. C.. /. Chem. Soc., 706, 713 (1926) and Acly, H. E., and 
French, H. S., /. Am. Chem. Soc., 49, 847 (1927) report absorption data on these and related com- 
pounds. The enolic and ketonic forma are distinguishable by bands near 2.S00 and 2700A, respectively 


Vitoria, A. P., IX Congr. intern, quim. pura 
(1935). 


applicata, 2, 334 (1934); Chem. Abs., 29, 7811 


Walker, 0. J., and Wild, G. L. E., /. Chem. See., 1132 (1937). 

^ Bielecki, J., and Henri, V., Ber., 46. 3627 (1914). 

Niederhoff, P., Z. physiol. Chem.. 165, 130 (1927); 167, 310 (1927); 174, 300 (1928). 
«» Henri, V., and Schou, S. A., Z. physiol. Chem., 174, 295 (1928). 
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been reported for a number of other sugrars, including galactose, levulose, Z^arabi- 
nose, rhanmose, maltose and lactose.^^^ 

The variations in the absorption exhibited by these sugars under various con- 
ditions of pH and the effects of impurities may perhaps account for the diverse 
statements which have been made in regard to their susceptibilities to photolysis. 
It is generally agreed that aqueous solutions of dextrose, galactose and mannose 
are not affected by sunlight, although changes may be produced in the presence 
of such sensitizers as iron or uranium salts.^®® Ghosh and Rakshit claim that 
visible light increases somewhat the rate of oxygen absorption by glucose or 
fructose in the presence of cerium hydroxide as catalyst. 

Irradiation of 0.1 to SO per cent glucose solutions with a mercury -vapor arc 
for fifteen minutes to five hours causes, according to Dillmati/®*^ no apparent 
change in optical rotation nor in their ability to reduce alkaline copper tartrate 
solution, de Fazi believed that sugar solutions which had been irradiated six 
hours fermented more rapidly than untreated solutions. The induced oxidation 
of glucose by glutathione is said to be markedly accelerated by light; photosensi- 
tizers further accentuate the reaction.-^^ 

The formation of acid in irradiated dextrose solutions was noted by Euler 
and Lindherg,^^^ who showed that on further action of the ultraviolet rays, there 
resulted a gaseous mixture containing 15 per cent carbon dioxide, 40 per cent 
carbon monoxide and 40 per cent hydrogen. Berthelot and Gaudechon,2t2 how- 
ever, found approximately equal volumes of carbon monoxide and methane and 
about six times as much hydrogen. More recently, Bernoulli and Cantieni 
noted that at the beginning of the reaction much more hydrogen than carbon 
monoxide is evolved, but that later the revcise is true. The decomposition was 
accelerated by acids and retarded by alkalies. No optically active decomposition 
products were formed, and the decrease in glucose as measured by rotation was 
not proportional to the amount of carbon monoxide evolved. 

Ketoses were found by Berthelot and Gaudechon,^^*^ to undergo photolysis more 
readily, and to behave in a manner similar to that of acetone. Levulose, sorbose, 
perseulose. crythrulose and dihydroxyacetone each gave carbon monoxide, hydrogen 
and the alcohol with one carbon atom less than the parent sugar. Extreme ultra- 
violet rays caused secondary reactions, in which carbon dioxide and methane were 


Marchlcwski, L., and Kwiencinski, L., Bull. Acad Polonaise, 255, 1926A; 379, 1927A; 257, 263, 
27U 1928A; 317, 1929A; Bull. soc. chm.. 43, 725 (1928); 7 f'hyswl Chem , 169, 300 (1927); March^ 
lewski, L., and Oabryelski, W., Bull. Acad, Polonaise, 397, 1933 A; Marcblewski, L., and Urbanezyk, W., 
Ibid., 409, 1933A: Btochem. Z., 261, 393 (1933) ; Fiscliler, F., ILniss, H , rind Taufel, K , Bwchem. Z., 
181 (1933); Braun, E., Ber., 63B, 1972 (1930); Kwiencinski, L., Mayer. J., and Marchlewski, L., 
Z. phvsik. Chem., 176, 292 (1928); Bcdnarcryk, W, and Marchlewski, L, Bull. Acad Polonaise^ 140, 
I 937 A; Chem. Abs., 32, 1.576 0938); (loos, F., Schltibach, H., and Schroter, G,, Z. phys\k. Chem., 186, 
148 (1930). For .absorption data on glucosidcs, «ec Marchlewski, L , and Mayer, T., Bull. Acad. 
Polonaise, 111 (1929); Ramart-Lucas, Mme., and Rahate, J., Cr*nipt lend,. 196, 1493 (1933). For 
hexoae phoapbates, Neuberg, C., and Schou, S. A., Biochem. Z , 191, 466 (1927), 

* 0 ® Berthelot, D,, and Gaudechon, H., Compt. rend., 155, 831 (1912) 

®“«Ne«berir, C, Biochem. Z., 39, 158 (1912); Abelous, Aloy and Valdign^;, Compt. rend. soc. hiol,, 96, 
138S (1927). 

SOT Ghosh, J. C.. and Rakshit, F. C., /. Indian Chem. Soc., 12, 357 (1935); Brit. Chem. Abs., 1935A, 
1329. 
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sOTde Fazi, R., Atti accad. IJncei, 5, 344. 901 (1927); Chem. Abs., 21, 4013 (1927); Sanzo, L., 
and Firrone, F., Atti accad. Lined, 13, 613 (1931); Chem. Abs., 26, 2990 (1932), 


OT<»PaIit, C. C., and Dhar, N. R , /. Indian Chem, Soc., 11, 661 (1934); Brit. Chem, Abs. 1934A, 
1314. See also /. Phys. Chem., 32, 1263 (1928). 

Euler, H., and l^indherg, E., Biochem. Z., 39, 410 (1912); 7. Chem Soc., 102, II, 407 (1912). 
Berthelot, D., and Gaudechon, H., Compt rend,, 151, 395 (1910). 

^Bernoulli, A. L., and Cantieni, R., Hdv, Chim. Acta, 15, 119 (1932). 

**4 Berthelot, D., and Gaudechon, H., Compt. rend., 155, 401, 1153 (1912); Bull. soc. chim.. 35, 241 
(m4); set also Beyersdorfer and Hess, Ber., 57B, 1708 (19i4), ^ 
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evolved and the solution became acid. Levulose gave about ten times as much car* 
bon monoxide as of methane.^^^ Maltose behaved similarly to dextrose and sucrose 
gave results intermediate between dextrose and levulose. ^ 

The decomposition of the latter sugar gave also formaldehyde and methanol.^^® 
It was believed that this sugar was very slowly decomposed by sunlight, 0,54 cc. of 
almost pure carbon monoxide being produced in two months.^^*^ 

The use of this behavior of a 10 per cent fructose solution in ultraviolet actinom- 
etry, proposed by Berthelot and Gaudechon,^^® has been more recently studied by 
Bernoulli and Cantieni.^^® In dilute solutions (4.5 to 18 g, per liter), the velocity 
is proportional to the concentration but in strong ones (720 to 1080 g. per liter), it 
is constant. The proportion of carbon dioxide in the gases evolved varies inversely 
with the light intensity. Acids appear to be formed only in solutions heated to 80® C. 
The evolution of gases is accelerated by sodium chloride and retarded by potassium 
bromide and iodide and acids or bases. The photolysis also occurs in metlianol or 
glycerol solutions and in these is more accelerated by small amounts of water than 
by larger ones. The reaction can be produced by radiations passing through glass, 
but is much slower than in quartz, since only those fructose molecules possessing 
the ketonic structure evolve carbon monoxide. Molecules with ring structures are 
believed to yield carbon dioxide. At ordinary temperatures, the reaction, once 
started, may continue for hours after stopping the irradiation, but at high tempera- 
tures, the after-effect is very slight. The course is believed to involve the inter- 
mediary formation of a peroxide, perfructose. A yellow color (photopyridine) 
developed by light in solutions of pyridine, water and fructose is more readily formed 
and more readily bleached than it is in solutions in which the fructose is replaced 
by glucose, galactose, sucrose or lactose. Acetone inhibits its formation. Methanol 
is almost without influence on the color reaction, but has a greater retarding 
influence on fading than has fructose. Pure ethanol retards color formation, but 
the color once formed is more stable in ethanol than in methanol. 

Ploltz finds the ultraviolet irradiation of aqueous sugar solutions ,( glucose, 
fructose, arabinose) and sugar-Hke solutions (glycerol, sorbitol, glucosamine) to 
produce substances which form systems with strong negative redox potentials. The 
products are believed to accelerate the autoxidation of cysteine and adrenaline. 
Dubouloz 221 added eosin (1 : 5000) to a 0.05 molar solution of glucose in a phos- 
phate buffer solution of pH 7.7, and freed the solution of dissolved oxygen. After 
sufficient illumination by a tungsten lamp, the oxidation-reduction potential 
descended to -**210 mv., the equilibrium point of oxygen-free glucose solutions. 
Further illumination caused a further descent. If this did not exceed 350 mv., 
the phenomenon was reversible, and upon standing in the dark, the value —210 
mv. was regained. 

The oxidation of glucose by hydrogen peroxide in acid medium photosensitized 
by tungstic acid appears to follow the unimolccular rate law when the peroxide 
concentration is low and to be of zero order when it is high .222 There is an 

Berthelot, D., and Gaudcchon, H., Compt. rend.^ 151, 395 (1910). 
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Berthelot, D., and Gaudcchon, H., Compt rend,, 156, 707 (1913). 
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1528 (1934); IB, 473, 933, 1420 (193.S); 19, 86, 94, 270, 276 (1936); Ber., 69B, 2286 (1936). 
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itiduction period, which increases with the peroxide concentration. The velocity 
varies as the square foot of the intensity of absorbed light, but is independent of 
the glucose concentration. The quantum yield is somewhat greater than unity 
and the temperature coefficient, 1.1 to 1.2. Similar reactions occur with formal- 
dehyde and fructose. 

Neutral solutions of sucrose are hydrolyzed by ultraviolet light and become 
slightly acid.®^ The rate of hydrolysis increased with the duration of the expo- 
sure, probably because of the acid formation, although this may have been due to 
traces of a catalyst According to Bierry, Henri and Ranc,^^^ the ultraviolet 
hydrolysis is appreciable in S per cent sucrose solutions after twenty hours of 
irradiation at 40® Cj after 48 hours formaldehyde can be detected. A gas evolu- 
tion begins after 72 hours and becomes marked on the fifth or sixth day of 
exposure. Of the combustible part of this gas, 50 per cent was carbon monoxide. 

Berthelot and Gaudechon,^^® confirmed the presence of two stages in the 
hydrolysis of disaccharides by relatively long wave-lengths. The first stage does not 
evolve gas, but the second consists in the decomposition of the mixture of monc^ses 
produced in the first stage and so is accompanied by the evolution of gas. They 
disagreed with previous observers, in that they did not find that acid is formed 
during the process. Beyersdorfer and Hess using carefully purified sucrose 
and conductivity water found that at 15-20®C. in ^ molar solution, the effect of 
irradiation was hardly perceptible. At 70® and 100®C., the sugar was attacked 
energetically, the decomposition at first increasing slowly, then rapidly, with 
increasing temperature. After the addition of 0.3 to 0.6 gram of chlorophyll to 
250 cc. of f molar solution, irradiation for twelve hours at 100®C. produced no 
detectable change in the sucrose. Manganese chloride, potassium chloride, potas- 
sium bromide, and potassium iodide had little influence on the change, which, 
however, scarcely occurs in the presence of sodium acetate. 

In 0.5 molar solution at 100® C., gas evolution begins in 15 minutes, and the 
acidity and reducing power increase about in proportion to the time. After about 
four hours, the solution becomes levorotatory and after 24 hours contains no 
further positively detectable amounts of optically active substances. The reduc- 
ing power reaches its maximum after about 48 hours, then decreases proportion- 
ately with the time and more slowly than it had increased. A crystal of sucrose 
when exposed to ultraviolet rays at 70® C. becomes coated on the exposed surface 
with a brown layer of caramel. 

Yajnik, Goyle and Wadhera maintain that aqueous sucrose solutions con- 
tained in Jena glass vessels undergo inversion when exposed to tropical sunlight 
in the absence of acid, and that in the presence of 0.25 normal acid, the rate of 
inversion is increased by sunlight. Some have believed visible and near infrared 
rays to effect the inversion with a high quantum yield, the reaction having also 
a high temperature coefficient^^s Tanret finds sucrose to be hydrolyzed slowly 
and maltose and trehalose to be hydrolyzed less than 30 per cent as fast as sucrose 

*** V, Etiler, H., and OWsen, H., J. ckim, phys., 9, 416 (1911). 
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by ultraviolet rays. The effect on lactose was uncertain, Szalay^® sugg:ested 
that pure sucrose solutions were not affected, but that those containing traces of 
glucose as catalyst, showed increased reducing power and acidity, ascribed by 
him to the formation of glucuronic acid 

Souty directed two pencils of light from the same source, differing only in 
the direction of their circular polarization, on two identical solutions of a sugar 
which exhibits mutarotation. Differences in the rate of mutarotation, giving 
temporary differences which reached more than 0.25® were observed, but the 
same final equilibrium was obtained. In monochromatic light, glucose gave a 
positive result at 5461 A and a negative one at 5890-6 A. 

In the case of the trioses, raffinose, melesitose and gentianose, the first stage 
of the reaction did not appear to consist of the formation of a raonose and a biose.^®^ 
After the first stage of decomposition, the action was the same as in the case of the 
monoses. 

When a concentrated aqueous solution of trihexosan is exposed to ultraviolet 
rays for 56 hours, 60 per cent conversion into hexahexosan occurs ; further irradia- 
tion of the latter appears to have no action.^^a Irradiation of dextrinosan, 
Ct 2 H 2 oOio, affords hexahexosan. 

MassoPs^ stated that if solutions of soluble starch (prepared by heating for 
three hours at 150®C.) of 0.2 to 1 per cent concentration, are exposed at a distance 
of 10 centimeters, to the action of a mercury-vapor quartz lamp consuming 300 
watts, the starch gradually loses the property of giving a blue color with iodine, 
the color undergoing an alteration similar to that observed when the iodine test 
is applied at various stages of starch conversion. The rate of transformation 
increases on decreasing the concentration and on acidifying the medium. As a 
result of the exposure also, the solution acquires reducing power (probably due 
to maltose) and becomes less precipitable by alcohol. The portion soluble in 
alcohol possesses reducing power and is dextrorotatory. The hydrolysis was not 
due to the acidity or temperature or to the small amount of hydrogen peroxide 
formed under the action of the rays. According to Bielccki and Wurmser,®®® 
the hydrolysis is accompanied by a partial oxidation, since there can be identified 
among the products, besides dextrins, reducing sugars, including pentoses, some 
formaldehyde and other similar substances. 

Saniec found that on exposing thin layers of potato starch in presence of 
air to the rays of a quartz lamp, it became yellow and the odor of acraldehyde 
was observed. The properties of solutions obtained by heating starch so treated 
under pressure with water indicate that considerable peptization had occurred, 
together with a certain amount of oxidation and hydrolysis. The behavior on 
electrodialysis depends on the length of exposure to the ultraviolet, the amount 
of '‘gel'' being smaller the longer the exposure. The phosphorus of the starch 
remains largely in organic combination. The cleavage products separated by 
ultrafiltration, although possessing a lower optical rotation, show the typical 
iodine colorations of the amylo-compound. Observations have also been made at 
50® C. on starch which has been previously dried, or washed with hydrochloric 
acid and dried and exposed to ultraviolet light in a stream of dry nitrogen and in 

Souty, P.. Compt, rend., IW, 198 (1934). 

Berthelot, D., and Gaudcchoti, H., Compt, rend., 155, 1506 (1912). 

A., and Vogel, H.. Rec, trav. chim., 48, 843 (1929); Brit. Chem. Abs., 1929A, 1167. 

««Mas 80 l. L., Compt. rend., 152, 902 (1911). 

«»Bielecki. J., and Wurmser. R., Compt. rend., 154, 1429 (1912), 

•“Samec, M., Kolloid. Chem. Beth,, 23, 377 (1927); Brit. Chem, Abs., A, 412 <1927). 
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closed vessels in an atmosphere of nitrogen, whereby oxidation and hydrolysis 
are prevented. The solutions prepared under pressure from the exposed starch 
are sometimes cloudy and deposit a precipitate on centrifuging. Wheat starch is 
also peptized by ultraviolet light, and in this case the behavior of the solution bn 
electrodialysis is the reverse of that of the unexposed starch. As with potato 
starch, a relatively simple organic acid containing phosphorus is found in the 
anode cell on electrodialysis. 

The changes which take place when starch, glycogen, inulin, dextrin, amylose 
and amylopectin are irradiated with the quartz mercury lamp have been followed 
quantitatively by Lieben, Lowe and Bauminger in respect to lactic acid and 
reducing substance produced. The latter consists not merely of glucose but also 
of maltose and other reducing sugars, including traces of triose. Amylose and 
amylopectin are less affected than is starch.^^® 

It is claimed by Tanret and Guillaume that 2-per cent solutions of gluco- 
sides (salicin, amygdalin, etc.) and also certain esters may be hydrolyzed by 
exposures to wave-lengths in the range 1800 to 3 100 A for three to twenty-four 
hour periods. An increase in temperature or acidity of the medium increases the 
rate. In the case of nine glucosides, the order of hydrolysis differed when the 
hydrolyzing agent was ultraviolet rays, acids, and enzymes.^^^ After twelve 
hours of irradiation, various glucosides were hydrolyzed to the following percents : 
helicin, 100 per cent, gentiopicrin, 59, coniferin, 55 4, amygdalin, 35.4, salicin, 
31.1, picein, 23.3, arbutin, 13.4 and methylarbutin, 8.1 per cent. Floridoside 
(glyceryl a-galactoside) and a- and yg-niethylgliicosides were hydrolyzed very 
slowly and xanthorhamnin not at all, although it absorbed the entire ultraviolet 
spectrum used. Acetylsalicylic acid, tropacocaine, honiotropococaine, monobutyrin 
and asparagine were hydrolyzed more or less, but ethyl acetate, glycylglycine, 
dLalanylglycine, glycyltyrosine, and urea were not.‘^^^ Saponin is claimed by 
Wolf^^^ to lose its toxicity after irradiation by ultraviolet in solution, so that it 
may be used as an emulsifying agent in food products without danger of produc- 
ing hemolysis. 

F., Lowe, L., and Bautninger, B., Btochem, Z , 271, 209 (1934). 

See also Isemuta, T., /. Chem. Soc, Japan, 56, 772 (1935); Chcni. Abs., 29, 7352 (1935). 

Tanret, G., and Guillaume, A, Compt, rend, 201, 1057 (1935). 

Tanret* G., Compt^ rend., 202, 881 (1936); Bull. soc. ch%m. bioL, 18, 1344 (1936); Brit. Chetn 
Abs, m6A, 573. 

Guillaume, A., and Tanret, G., Compt. rend., 201, 1057 (1935); Bull. soc. chim. biol., 18, 556 
(1936): Ckem. Abs., 30, 550.3 (1936). 

a*«WoK. J., German Patent 524,892, June 3, 1927; Chem. Abs., 25, 43 26 (1931). 



Chapter 24 

Acids and Other Aliphatic Compounds 

The action of ultraviolet light on many organic acids or their salts leads to 
decomposition ^ of the latter, but in unsaturated acids the polymerizations and 
stereoisomeric transformations characteristic of the photochemical beliavior of 
double bonds often occur. 

Ley and Arends ^ showed that saturated mpno- and di-carboxylic aliphatic 
acids, in vapor form, in hexane, or in aqueous solutions have an absorption band 
beginning at about 2400A, with a maximum at 2040-2070A. This maximum is 
ascribed to the carbonyl group, since it appears also in the chlorides and anhy- 
drides of the acids. The nature of the absorption is not materially affected by 
ester formation, but is usually totally changed by salt formation. Sodium acetate, 
considered as typical of the salts of acetic acid, shows no maximum at 204()A, but 
continues to absorb the shorter wave-lengths with increasing intensity. The curve 
for formic acid lies somewhat nearer to the visible. Ramsperger and Porter ^ 
found the bimolecular form of formic acid primarily responsible for the absorp- 
tion between 2260 and 2500A. Harris ^ believed the unimolecular form to agree 
in absorption with that of the other acids, having its maximum at 2050A. 

Lederer ^ finds some specific absorption by all fatty acids between 2700 and 
2800A, that of propionic extending to 2700A and stearic to 280()A. A confirma- 
tion has been given by Ilartleb,^ but the cause of this absorption has not yet been 
definitely established. 

There is spectroscopic evidence for the formation of solvates of both esters and free 
acids in various solvents and Herold ** concludes from ultraviolet absorption measure- 
ments that the formation of solvates (hydrates or semiacetals) is a necessary preliminary 
to the dissociation of the fatty acids. 


Acetic Acid 

In the photolysis of acetic acid in the absence of air, Berthelot and Gaudechon® 
obtained a gas which contained 44 per cent of carbon dioxide, 17 per cent of 
carbon monoxide and 39 per cent of combustible gases. Farkas and Wansbrough- 
Jones find that undissociated formic, acetic and succinic acids in aqueous solu- 
tion undergo several simultaneous photochemical changes. One is the direct 
formation of carbon dioxide and a hydrocarbon by a process analogous to that 

^ Kail an. A., Monatsh , 34, 1209 (1913), 

»Ley, H.. and Arends, B., Z. fhysik. Chem., B4, 234 (1929); B17, 177 (1932); Price, W. C., and 
Evans, W. M., Proc. Rov Soc., A16^2, 110 (1937); earlier observations aic due to Hant/sch, A, and 
von Halban, H., Z. Bhktrochem., 29, 221 (1923). 

® Ramsperger, H. C., and Porter, C. W., J, Am. Chem. Soc., 48, 1267 (1926). 

Mlarris, L., Natu.re, 118, 482 (1926). 

»I.ederer, E, L,, Allgem. Ol.-u. Fettstg., 27, 237 (1930), Chem. Abs., 25, 2014 (1931). 

“Hartleb, O., Strahlcnfherapte, 39, 442 (1931). 

Ley, H., and Hunecke, H., Ber., 59, 510 (1926). 

8 Herold, W., Z. physik. Chem., BIB, 265 (1932); Z. Ulektrochem., 38, 633 (1932) 

8 Berthelot, D., and Gaudcchon, H., Compt. rend,, 156, 68 (1913); J. Soc. Chem. Ind., 29, 1081 
(1911). 

">Fark»i, L., and Wan»brotigh*Jones, O. H., Z. physik. Chem., B18, 124 (1932). 
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tutcotmtered in th« photochemistry of the ketones, RCOOH ^ COjj + RH. 
With acetic and propionic acids, the reaction, RCOOH (HgO) + hv^CO + H 2 O 
■f ROH occurs {in aqueous solution) about 60 per cent as frequently as the reac- 
tion yielding carbon dioxide. Longer-chained acids tend, as do the aldehydes, to 
yield some unsaturated hydrocarbon and a shorter-chained acid: CHaCHgCHa-* 
COOH + QH 4 + CHaCOOH. All of the acids yield condensation products. 

In acetic acid vapor, which shows only a continuous spectrum, the chief reac- 
tion is dissociation into carbon dioxide and methane. The quantum yield (1850- 
2300A) is 0.45 for acetic acid, 1.0 for propionic acid and 0.4 for succinic acid. 
When polymers of the acids are present, the reaction is more complex. (See 
fomtic acid.) When acetic acid is decomposed in hexane solution, the solvent is 

attacked. 

Burton, using the mirror method, has found that hydrogen atoms but not 
methyl radicals are formed in the photolysis of acetic acid. Terenin^^ has also 
detected the hydroxyl radical in photolyses at about 1560 A. To account for these 
results, Burton suggested two possible mechanisms, one being : 

CH«COOH 4- hp > CHaCOOH* 

CHaCOOH^ > CILCOO + H 

CHaCOO -f H > CH 4 + CO* 

CHiCOOH 4- H > CH 4 + COOH 

COOH > CO 4 OH 

CHaCOOH + OH ^ CHsCOO 4 H*0 

2CILCOO > CaHe 4 2COa. 

In aqueous solutions of salts of aliphatic acids the decomposition is even more 
complex and, according to Jaeger and Berger,^ is dependent upon the acid anion 
and other ions which may be present, particularly cations. According to Farkas 
and Wansbrough- Jones, the reaction depends upon absorption within the electron 
affinity spectrum of the anion by the process : A'(H 20 ) 4 A 4- OH' 4- H, but 
because of a subsequent reaction A + H A' 4 H“", tlic yield of the decomposition 
products is small. Addition of alkali favors the evolution of hydrogen and the 
formation of acids of higher basicity. Farkas states the quantum yield of the 
reaction of the primarily produced hydrogen atom with acetate ion to form 
methane and carbon dioxide is 0.05 at pH 8.5. When silver acetate is used the 
hydrogen atoms may react with silver ions, so that the usual retarding process is 
less effective. 

Acetic acid and aniline in equimolar proportions when exposed to ultraviolet 
rays for 24 hours give nearly a 100 per cent yield of acetanilide. FVopionic and 
benzoic acids act similarly. The yield of propionanilide is about 65 per cent of 
theoretical and that of benzanilide considerably less. Amide formation occurs 
much less readily, ammonium acetate in the presence of excess ammonium 
hydroxide giving only about 5.3 per cent acetamide, and ammonium benzoate even 
less benzamide. 

^Burton, M., /. Atn. Chem, Soc.^ 58, 692, 1645 (1916). Data for the photolysis of propionic acid 
have hocn given by Henkin, H., and Burton, M., Ibid., 60, 831 (1938). As in acetic acid, both hydro* 
gen atoms and ultimate molecules are produced in primary processes. The relative number of hydrogen 
atoms per einstein is greater than in acetic acid. 

^Tcrcnin, A., Acta Phystcochim. U.R.SS., 3, 181 (1935). 

Jaeger, F. M, and Bcrgei, G., J. Chem. Sac., 119, 2070 (1921); Proc. Roy Soc., 2$, 84 (1920). 

*4 Farkas, L., Z. pkysik. Chem., B23, 89 (1933). 

Htoermer, R., and Robert, E., Bcr., 55B, 1030 (1922). 
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fl^^-a-Iodopropionic acid soon becomes colored by free iodine in daylight, and 
loses its iodine more rapidly in direct sunlight, or in chloroform solution in glass»^^ 

Formic Acid^^ ^ 

Ramsperger and Porter accomplished the complete decomposition of formic acid 
vapor by exposing the acid for 16 hours at a distance of 20 cm. from a 220- volt 
mercury arc at 20° C. Carbon monoxide and water constituted 64 per cent, and 
carbon dioxide and hydrogen, 36 per cent, of the mixed products formed by two 
photolytic processes. Muller and Hentschel believed that some of the hydrogen 
formed reduces the acid further. Although the formation of methanol and formalde- 
hyde could not be established, a noncrystalHne solid was observed to form in the 
solution. They found also that the decomposition could be catalyzed by finely dis- 
persed platinum. 

Double molecules of formic acid present in the vapor phase decompose almost 
entirely to carbon dioxide and hydrogen.^^ The single molecules yield both these 
products and carbon monoxide and water, the ratio varying with the temperature 
and wave-length employed. At 40°C. and 2540A, the ratio is approximately 75.5 
per cent carbon monoxide and water to 24.5 per cent carbon dioxide and hydrogen. 
At 100°C. and with the same wave-length, the amounts are 69 and 31 per cent, 
respectively. At shorter wave-lengths, 2100 and 1900A, the ratio is 42 per cent to 
58 per cent. At these two latter wave-lengths, the quantum yield is unity for the 
decomposition of either double or single molecules. 

An application of the para-hydrogen conversion test for atomic hydrogen showed 
only minimal formation of hydrogen atoms and carboxyl radicals, so that the primary 
process may consist in a rearrangement of bonds to give hydrogen and carbon 
dioxide directly. Burton was unable to detect hydrogen atoms by the mirror test. 
Terenin,^*-^ however, detected OH by its emission spectrum when wave-lengths near 
1560 A were used. 

According to Allmand and Reeve, radiation of wave-length 3 100 A produces a 
slow decomposition of aqueous solutions of formic acid, the products being carbon 
dioxide and hydrogen, traces of formaldehyde and some more complex compound of 
highly reduced nature. The latter products were secured by reduction of formic acid 
by some of the hydrogen. In the presence of the uranyl ion, the decomposition in 
aqueous solutions is sensitized to visible light.^"* The velocity of photolysis depends 
upon the concentrations of the formic acid and the uranyl ion. With increasing con- 
centrations of the latter, the velocity at first increases rapidly and passes through a 
maximum. The reaction is strongly desensitized by iodide, chloride and ferrous 
ions, hydroquinone, potassium dichromate, silver nitrate, sodium nitrite, potassium 
cyanide and mercuric sulfate, slightly desensitized by cupric sulfat«^, chromic sulfate, 

iBHanner?, E., Ber,, 59B, 1367 (1926). 

” It has been claimed that methyl alcohol vapor and carbon monoxide exposed to ultraviolet rays or 
led over barium and potassium carbonates at 500®, give methyl formate and high-molecular compounds. 
Wjetzel, G., and Wietzel, R., German P, 442,125, June 10, 1923, to I, G. Farbcnind. A.~G. ; Brit, 
Chem, Ahs, 1928B, 8. 

^Ramsperger, H. C., and Porter, C. W., /. Am, Chem, Soc., 48, 1267 (1926). 

Muller, E., and Hentschel, H., Ber., 59, 18$4 (1926). 

Gorin, E., and Taylor, H. S., /, Am, Chem. Soc., 56, 2042 (1934); see also Herr, W. N., and 
Noyes, W. A., Jr., Ibtd., 50, 2345 (1928). 

w Burton, M., J. Am, Chem. Soc., 58, 1655 (1936). 

** Tercnin, A, Acta Physicochim. U.RS.S., 3, 181 (1935). 

^ Alim and, A. J., and Reeve, L., J, Chem. Soc., 2852 (1926). 

2*Ouellet, C., Hclv. Chim. Acta, 14, 936 (1931); Chem. Abs., 26, 65 6 (1932), Biichi, P. F., U. 
physik. Chem, 111, 269 (1924)3 gives the quantum yield as 0.7. 
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sodium nitrate and potassium fluoride. Photolysis is not affected by trisodium phos- 
phate, ammonium acetate or magnesium sulfate. Oxidation-reduction properties of 
the desensitizer, which remains unchanged, play an important part in its effect. 
Increased concentration of the formic acid diminishes the effect of a desensitizer, 
but at 25 per cent concentration tlie velocity becomes almost independent of the con- 
centration. When the concentration of the desensitizer is increased, the desensitiz- 
ing effect increases rapidly at the beginning and then more slowly. Ghosh and 
Mitter have given spectroscopic evidence for the formation of intermediate com- 
pounds of uranyl salts and organic acids. 

A reaction in aqueous solution between sodium formate and iodine studied by 
Dhar and Bhargava is unimolecular in darkness and “semimolecular'’ in light. 
Its velocity is proportional to the 0.75 to 0.66 power of the intensity of the incident 
light. It is a chain reaction, the quantum yield varying from 26 to 64, increasing 
with temperature and frequency of the light. More light is absorbed by the mixture 
than by the reactants separately. 

Attention has been called to the formation of a peroxide from formic acid in 
the presence of oxygen, by short ultraviolet rays. The peroxide was assumed by 
Cantieni to be performic acid,^® 

Relatively little work has been done on the photolysis of acetyl halides. The 
decomposition products contain carbon monoxide and the methyl halide, but no 
hydrogen, ethane or ethylene. The decomposition products from acetyl chloride 
contained hydrogen chloride and a polymer of either biacetyl or ketene. The prod- 
ucts from acetyl bromide are bromine and CH 2 BrCH 2 Br( ?). Iodine is formed 
from acetyl iodide.^® 

The rates of decomposition of carbonyl hypohalites, c,g., C*Flr,COOBr, are 
dependent both upon concentration and illumination, according to Bockemiiller 
and Hoffmann,®^ daylight greatly retarding the decomposition. 

Dibasic Acids 

The photolysis of oxalic acid-**^ consists in a primary decomposition into 
carbon dioxide and formic acid, followed by a secondary decomposition of the 
formic acid into carbon monoxide and hydrogen by rays of short wave-length. 
Kailan concluded that the rate of the decomposition of dibasic acids increases 
with the duration of the exposure, but does not increase in proportion to the 
concefttration of the acid. He found moie carboxvl groups to be decomposed 
from malonic acid than from oxalic acid. Also, introduction of a hydroxyl grou]) 
increased the rate of decompost tion of dibasic acids. The rate of decomposition 
of malonic acid by sunlight in the presence of catalyst was found by Fay to be 
exceedingly slow. Berthelot and Gaudechon found uranyl salts to catalyze this 

Ghosh, J. C., and Mitter, B. N., Quart, J Indian Chem. Soc., 4, 353 (1927); Chem, Abs., 22, 
1899 (1928). 

2® Dhar, N. R., and Bhargava, P. N., /. Phys. Chem , 39, 1231 (1935). 

Cantieni, R., Helv. Chim. Ada, 19, 1153 (1936); Ber , WB, 1153 (1936) Similar behavior is 
shown by other fatty acids. 2. Phot, 36 , 90 (1937); Chem. Abs , 31 , 8381 (1937), 

Data on the decomposition of acetyl peroxide have lieen given by Walker, O. J., and Wild G L E 
J, Chem, Hoc., 1132 (1937). , . . 

Eljiler, D. 11,, and Rollefson, G. K., J Chem, Phys, 6, 653 (1938). 

BocketnuIIei, W., and Hoffmann, F. W., Ann,, 520, loS (1935); Chem. Abs., 29, 7940 (1935). 

Berthelot, D., and Gaudechon, H., Compt rend, 158 , 1791 (1914). 
swKadan, A, Monatsh., 34, 1209 (1913). 
si»Fay, H., Am them. J., 18 , 269 (1896). 

Berthelot, D., and Gaudechon, H., Compt. rend,, 157, 33 3 (1913). 
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reaction, and Volmar found the main products of decomposition to be acetic 
acid and carbon dioxide. 

Volmar also subjected a series of dibai^ic acids in 0.01 molar solutions to the 
lig*ht of a quartz mercury arc. Oxalic and malonic acids ^fields formic and acetic 
acids, respectively. Succinic acid gave a trace of propionic acid, but glutaric 
acid gave no butyric acid and liberated only 0,13 cc. of carbon dio 3 ?ide in four 
hours. Oxalic acid, like formic acid, has the maximum sensitivity of the corre- 
sponding series of acids and has an absorption maximum at 2500A/'*^ As the 
chain between the carboxyl groups lengthens, their mutual influence diminishes and 
from succinic acid onwards the groups behave as though they were independent. 

Noyes and Koupernian found a long induction period for the photolysis of 
solid oxalic acid by wave-lengths shorter than 2500 A. Following the induction 
period, the rate of decompOwsition attained a practically constant rate. This rate 
was apparently greater when short wave-lengths were employed. Their explana- 
tion was that such radiations might endow the decomposition products with an 
excess of kinetic energy which would aid their more rapid diffusion out from 
the interior of the crystals. The rate of thermal decomposition of solid silver 
oxalate may be increased by a previous exposure of the salt to light of wave- 
lengths less than 5200 A. 

Tt was reported by Noyes and Kouperman that the rate of decomposition of 
oxalic acid was greater when the acid was in aqueous solution than when the acid 
was used alone. Allmand and Reeve found the decomposition products of such 
solutions to be predominantly carbon dioxide, with small amounts of formaldehyde.'**^ 
Wave-lengths as long as 3000A were effective in causing photolysis. In all cases, 
the ([uantum yields were low, but appeared to increase on dilution of the solution. 
For a 0.68 molar solution, 100 quanta were absorbed per molecule decomposed at 
2650A, 2450 at 3000A and 1060 at 3650A. 

Winther and Oxholt-Howe found the quantum sensitivity of the decompo- 
sition of iron oxalate, succinate, tartrate, citrate and acetate for short wave-lengths 
to be greater than unity. Kunz-Krause and Manicke reported that under the 
catalytic action of ferric chloride, 5.3 per cent of crystalline oxalic acid suffers 
decomposition after a five-hour arc light exposure and 61.7 per cent after 16 hours. 
Padoa and Vita*^ studied the action of light on the reaction 

2 FeCh -i- H.OO 4 > 2FeCU f 2HC1 2COa. 

They believed that the sum of the effects obtained in the blue and violet regions 
is 1.123 times that of white light. Jn the presence of quinine bisulfate, the zone 
of active radiations was widened and the sum of the effects of blue, green and violet 
lights was said to be 2.125 times that of white light. 

Complex Oxalate Ions. The quantities of potassium cobaltioxalate 

8® Volmar, Compt, rend,, 180, 1172 (192S). 

See Ley, H., and Arends, B., Z, phvnk, Chem., BIT, 177 (3 932); Vl^s, F., and Gex, M., Compt, 
rend., 180, 1342 (1923). 

Noyes, W, A., Jr., and Kouperman, A. B , Am. Chem. Sor., 45, 1398 (1923); Wobbe, D. E*. 
and Noyes, W. A., Jr., Ifytd., 48, 2856 (1926). 

88 Benton, A. F., and Cimningham, G. L., /. Am. Chem. Soc., 57, 2227 (1935). 

» Allmand, A. J., and Reeve, L., J. Chem Soc., 2834 (1926). 

" Baiir, E., believes there is a direct decomposition into carbon monoxide, carbon dioxide and 
water. Z. physik, Chem., Ill, .315 (1924). 

"Winther, C, and Oxholt-Howe, H., Z. wiss. Phot, 14, 196 (1914). 

"Kunz-Krause, H., and Manicke, P., Ber. Pharm. ^Ccs., 32, 209 (1922). 

"Padoa, M., and Vita, N., Gazse. chim. ital., 54, 147 (1924); see aho Atii Cong. nac. ckim. pura 
applicata, 398 (;i923). 
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decomposed by the mercury arc in quartz vessels in identical intervals of time 
were approximately independent of the initial concentrations and determined 
chiefly by the light energy absorbed. The addition of alcohol had no appreciable 
effect, but neutral salts did have marked effects. Bhagwat and Dhar,^® found the 
reaction to be greatly accelerated by short wave-length radiation. Also, the 
latter investigators gave the temperature coefficient of the thermal reaction as 3.7. 
In incandescent light, the coefficient was 1.85 and in sunlight 1.13. In sunlight 
the velocity was proportional to the square root of the light intensity, but in lamp 
light it was directly proportional to the intensity. Murgulescu^® also finds the 
decomposition of 0.02-0.002 molar potassium cobaltioxalate by light of wave- 
lengths 4360, 4050, 3660 and 3 130 A to be of zero order. 

[Co(G04)8]"' + hy > [COiODO^r -i (GO4)' 

[Co(Ct04)aJ"'+ (GOO' > (GO*)''-f 2C0.4 [Co(GO0«]" 

In most complex oxalates, Bhagwat found the quantum yield to be two. He 
assumes the formation of an activated molecule as the primary process. On col- 
lision of this activated molecule with an unexcited molecule, both are decom- 
posed. Potassium cuprioxalate requires a sensitizer in visible light. The decom- 
position products include copper, cuprous oxide, carbon monoxide and carbon 
dioxide. The quantum yield is 0.66. Bhagwat makes the assumption that^ the 
molecule absorbs two quanta before being further activated through the sensitizer. 
The sensitizers employed by Dube and Dhar^® were ferric chloride or uranyl 
nitrate. The reaction was of zero order. Increasing the amount of the sensitizer 
increased the rate through a maximum. The reaction was more effectively retarded 
by oxygen than by carbon dioxide. It was accelerated by the presence of a large 
excess of potassium oxalate. 

Potassium manganioxalate absorbs light throughout the visible, with a maxi- 
mum at about 4870A. Ghosh and Kappanna^® find white light to more than 
treble the velocity of thermal decomposition of the potassium complex. The 
quantum yield is one when plane polarized light is used. Addition of oxalic acid 
diminishes the velocity of the reaction. 

Allmand and Webb®® found in the photodecomposition of K3Fe(C204)3, that 
the quantum yields, which decrease with increasing wave-length, are of the^ order 
of unity. The presence of potassium oxalate caused a slight decrease in the 
quantum yield, but all other electrolytes tested increased the yield slightly. Experi- 
ments with mixed light with varying proportions of two or three mercury arc 
lines, showed an amount of decomposition 25 to 30 per cent greater than that 
calculated on the basis of an additivity of their separate effects. On the other 
hand, the use of a continuous band between 3000 and 4600A caused a degree of 
decomposition about 20 per cent lower than that expected on the basis of addi- 
tivity. The effects of intermittent and continuous exposures were the same. The 
quantum yield was independent of the intensity of the line 3650 A (in some experi- 

** Berger, G., Rec trav. chim., 44, 47 (192S), Taeger, M . and Berger, G , Proc, K. Akad. Wetensch, 
Atnsterdam., 23, 84 n920); /. Chew. Soc., 118, li, 725 fl920) 

^8 Bhagwat W V., and Dhar, N. R., Z. anorg. Chew, 197, 18 (1931); Brit, Chew, Abs . 
1931A, 579 

*9 Murgulescu, T G-, BuL soc. stiinte Cluj, 8, 193 (1935); Chew. Abs., 30, 4402 (1936). 

Bhagwat, W. V., Z. anorg. allgem. Chew., 218, 365 (1934); Chew. Abs., 28, 6636 (1934). 

"»Du}>e, H. L., and Dhar, N. R., /. Phys. Chew., 36, 626 (1932). 

Ghosh, J. Cm and Kappanna, A. N-, Quart. J. Indian Chew. Soc., 3, 127 (1926); Brit. Chew. 
Abs., A, 1014 (1926). 

Allmand, A, J., and Webb, W. W., /. Chew. Soc., 1518, 1531 (1929). 
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ments 4050 A) over a range of fifteen to one, whether continuous or intermittent. 
These results tended to confirm the work of Padoa and Vita (see Chapter 12 ). 
They suggested that the primary result of the absorption of a light quantum is the 
activation of the ferrioxalate ion, a process regarded as involving the partial? 
dislocation of the union between the ferric ion and one of the attached oxalate 
ions. Reaction then occurs on collision of such an activated ion with a normal 
ion. More recently, Allmand and Young confirmed the synergistic action of 
two monochromatic rays and showed that the temperature coefficient for this 
reaction is ‘Negative/* They also observed that in aqueous solutions, the velocity 
of the photoreductioii of ferric chloride by oxalic acid is proportional to the inten- 
sity, that the ferric ion has no efifect other than a slight light filter effect, and that 
the quantum efficiency is of the order of unity.®^ Kornfcld and Mencke had found 
the velocity proportional to the square root of the intensity of light in the blue, 
green, and violet and, within limits, independent of the concentration of the 
reagents. It varies with the duration of the reaction and rapidly tends to drop 
to zero. Addition of ferrous sulfate retards the reaction at a rate proportional to 
the concentration of the sulfate. 

The decomposition of oxalic acid can also be sensitized to light by chromium 
and by uranyl salts, the latter being about three times as effective as the former.®'* 
The reaction in the presence of uranyl salts has been suggested for standardizing 
light sources employed in determination of the light fastness of dyes.®® Biichi,®® 
who finds the quantum yield to be unity, attributes the reaction to the decomposi- 
tion of the non-ionized molecules of uranyl oxalate (1102^204) or of the com- 
plex ions (1102(0204)2)", since the rate is only independent of the oxalic acid 
concentration when the latter is equimolar with or greater than the uranyl salt. 

Muller ®^ disagrees with the theory of the formation of a sensitizer-complex 
molecule and attributes the decomposition to collisions of the second kind between 
activated uranyl ions and oxalic acid molecules or oxalate ions. Pierce®® con- 
firmed Bruner and Kozak®® and Bacon®® in finding a temperature coefficient of 
unity, but was unable to decide between the mechanisms involving a sensitizer- 
complex and that of Muller. Pringsheim discards the theory of collisions with 
activated molecules because he finds the inhibiting effect of iodide ions on the 
photolysis too small in comparison with their effect on fluorescence. lie therefore 
favors complex formation. The solution must not be alkaline when intended for 
use in an actinometer. The application of the reaction for this purpose has been 
discussed in Chapter 7 , where more recent quantum yield measurements are men- 
tioned. 

The Eder Reaction. A reaction formerly employed in actiiiometry, but really 
too complex and too subject to the presence of accelerating and inhibiting impu- 

Allmand, A. J., and Young, K. W., J. Ckem. Soc., 3079 (1931). 

See ako Baur, E., Ouellet, C., and Wackcrlm, E., Z. wiss. Phot, 30, 8S (1931); Chem. Abs., 
26, 3729 (1932). 

Kornfeld, G., and Mencke, E., Z. Elektrochem., 34, 598 (1928). 

Landau, M., Compt. rend., 156, 1894 (1913): Mathews, J. H., and Dewey, L. H., /. Phys, Chem., 
17, 211 (1913); Boil, /. Chem. Soc., 108, it, 123 (1925); ICunz-Krause, H., and Manicke, *P., Ber. 
pharm. Ces., 32, 209 (1922); Sandonnmi, C., Atti accad. Lined, 2, 427 (1925); Chem. Abs., 20, 
1018 (1926). 

“Holmes, W. C., Amer. Dyestuff Rep., U, 188, 197 (1924); Chem. Abs., 18, 1614 (1924). 

“Buchi, P. F., Z. physik. Chem., Ill, 269 (1924); Chem. Abs, 19, 1097 (1925); Baur. E., Z. 
pkysik. Chem., Ill, 315 (1924). 

fi^Mfillcr, R. H., Proc. Roy. Soc., 121 A, 313 (1929). 

“Pierce. W. C., /. Am. Chem. Soc., 51, 2731 (1929). 
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rities^ is the Bder r^action.^- A solution containing mercuric chloride and 
ammonium oxalate is employed. On exposure to light, the decomposition prod* 
ucts of the oxalate were thought to bring about the reduction of the mercury salt 
to calomel. Winther®^ found that the sensitiveness of the solution fo visible light 
depended upon the presence of traces of a ferric salt. The rate of deposition of 
calomel was proportional to the iron content provided this did not exceed a very 
low value. An excess of ferric salt, however, retarded the reaction, particularly 
in the absence of dissolved oxygen. Furthermore, highly purified solutions were 
still decomposed by ultraviolet light, although not markedly by visible light. 

Comparative experiments by Winther and Oxholt-Howe,®** in which equal 
volumes of the filtrate from the calomel formed in a previous exposure and a fresh 
solution of the same composition were exposed to the influence of light under 
similar conditions, indicate that the initial photochemical action leads to the 
formation of some substance which acts as a powerful negative catalyst. This is 
also observed in the case of a purified Eder's solution to which eosin has been 
added as a sensitizer to the visible. In general, the effect becomes more marked 
as the intensity of the light increases. There is an appreciable loss of sensitivity 
if the eosin solution has been insolated before having been added to the Eder^s 
solution. Velocity meavSurenients of these reactions have been made by Shpolskii 
and Ivanova.®® 

Padoa and Minganti ®® have measured the temperature coefficients of the 
reaction at various wave-lengths. The reaction in green light was very slow and 
a small proportion of a dilute aqueous solution of tetrabromofluoresceiii was added 
as a sensitizer ; the latter was also employed in some experiments with white light. 
The results were as follows: white light, 1.29; ultraviolet, 1.05; dark blue, 1.21 ; 
green with sensitizer, 1 75; white light with sensiti/er, 1.50. Here it is apparent 
that the longer the wave-length, the higher the temperature coefficient. The 
effect of the sensitizer in raising the temperature coefficient with white light is 
attributed to the fact that the sensitizer gives preponderance to the action of the 
yellow and green rays, which have little activity when no sensitizing agent is 
present. 

Trifonov found that potassium mercuric oxalate can be decomposed by 
water and by light. Various workers, including Ghosh and Rangcharya,®® have 
advanced evidence, in some cases spectrographic, for the formation of an inter- 
mediate compound in Eder's solution. Cartledge and Djang find cobaltous salts 
alone to be much less effective in inducing the reaction than are ferrous salts. The 
former affect chiefly the dark reaction. The effect of the cobaltioxalatc complex 
ion is essentially a pure catalysis in the light The inhibiting effect of oxygen 

Krauss, F., and Berge, K,, J. Prakt Chem , 136, 257 (1933); see also Bekhterev, P.. J. Rtiss. 
Pkvs-Chem. Soc., 57, 161 (1925); Chem. Abs , 20, 2459 (1926); Pitzer, K. C, Gordon. N„ and Wil- 
son, D., J. Am. Chem. Soc., 58, 67 (1936); Wieland, H., and Zdg, W., Annaien, 530, 1656 0937); 
Chem. Abs., 32, 1656 (1938). 

« Winther, C., Z. wiss. Phot., 8, 135, 197 (1910); 14, 272 (1914); Beiger, G., Rec. trav. chim., 40, 
387 (1921); Chem. Abs., 16, 1175 (1922) 

Winther, C., and Oxholt-Howe, H., Z. wiss. Phot., 13, 89 (1913), /. Chem. Soc., 106, II, 10 (1914). 

floShpolskd, E,. and Ivanova, E. N., /. Phys Chem. (VS.S.R.), 6, 133 0935). Nature. 16, 647 
0930); Chem. Abs,. 29, 7809 0935). For the effect of oxygen, see Shpolskii, E., and Iljina, A., 
Acta Physieochim. U.RA.S., 3, 269 (1935); Brit. Chem. Abs., A, 1214 (1936). 

•« Padoa, M., and Minganti, T., Atti accad. Lmcei, 24 (V), ii, 97 (1915), J. Chem. Soc., 108, (ii), 
719 0915). 

« Trifonov, N., Mxi. wiss.-tech. Arb. Republ. (Russ.J, 13, 72 (J924), Chem Zentr., 382 (1925). 

•* Ghosh, J. C., and Rangcharya, T. L K., J. Indian Chem. Soc., 5, 569 (1928). 

• Cartledge, G. H., and Djang, T. G., /. Am. Chem. Soc., 55, 3214 (1933). 
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is greatest with the catalyzed photolysis, less with that which is uncatalyzed and 
least on the photolysis o£ the cobaltioxalate ion aloneJ® 

Air, oxygen, hydrogen peroxide and ozone each inhibit the Eder reaction when 
the latter is carried out in the light of the carbon arcJ^ The same is true of the, 
reduction of ferric oxalate. Roseveare and Olson and Oberhauser and Schot- 
miiller consider the Eder reaction a chain reaction. Phenols also strongly 
depress the reaction, an effect attributed by Weber to a deactivation of the 
activated molecules or ions which form in the primary process. The same is true 
also of the eosin-sensitized reaction. When the solutions are saturated with 
oxygen, however, the phenols can depress the reaction only by acting as internal 
filters. Weber also believes the photosensitive component of the (unsensitized) 
solution to be a complex compound. 

In the presence of eosin and with approximately monochromatic light of wave- 
length 5200A, 5460 or 5760A, there is a short induction period, after which the 
reaction proceeds linearly with time.'^® The speed of reaction is proportional to 
the intensity of light, both in the case of white light and of monochromatic illu- 
mination. In the concentration interval 5x to 5 x gm. per cc., the speed 
increases in proportion to the concentration, but between 3 X 10"® and 10“^ gm. 
per cc. the speed is constant. At higher concentrations, the rate begins to 
decrease. The decrease of sensitization as well as the damping of fluorescence as 
functions of the concentration begin from the same sharp threshold. The rate 
of the reaction is proportional to the concentration of mercuric chloride and, above 
concentrations of 0.01 gm. per cc., is independent of the concentration of oxalate. 
Between 15^ and 5®, the temperature coefficient is 2.6 and between 25° and 15®, 
1.9. The energy of activation is between 10 and 15 kcal. Beginning at 30°, the 
dark reaction acquires a noticeable vspeed. For the wave-lengths 5470 and 5760A, 
the quantum yield was, in the presence of oxygen, 12.5, a correction being made 
for the energy lost as fluorescence.'^® 

Reaction Between Iodine and Potassium Oxalate in Aqueous Solution. The 
photochemical reaction between iodine and potassium oxalate 

h -f GO/' > 21' + 2 CO 2 

has been the subject of much study.'^^ Berthoud and Bcllenot showed that the rate 
of reaction is proportional to the concentration of the oxalate ion and inversely to 
the concentration of the iodide ion. The latter exerts a retarding effect. The rate is 
also proportional to the square root of the light intensity and to a power of the 
titratable iodine concentration which varies between 0.5 and —O.S depending upon 
the completeness of the absorption of the light, that is, upon the wave-length. 
When absorption is weak, as it is when red light is employed, the rate is 
directly proportional to the square root of the iodine concimtration but when 

Cartlcdgre, G. H, and Goldheim, S. L., J, Am. Chem. Soc.^ 55, (1933) have attempted a 

determination of the nature of the complexes formed in Eder’s solution. 

^PimnicHff, H. B., and Joshi, J. N.. 7. Indian Chem. Soc., 6, 121 (1929); Chem. Ahs., 43, 
2S87 (1929). 

«Bosevear€, W. E, and Olson, A R , 7. Am Chem. Soc., 51, 1716 (1929); 52, 2617 (1930). 

■”* Oberhauser, F., and Schormuller, J., Annalen, 470, 111 (1929) 

Weber, K, Z. physik. Chem., A169, 224 (1934). 

^Shpolskil, E. V., and Kolesnikova, N. I., J. Phys. Chem. (USSR), 5, 1199 (1934); Chem. Ahs., 
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^ For an analoprous reaction between mcrcui ic chloride and malic acid in the presence of various 
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304 (1924); 7. Chim. Phys., 21, 308 (1924). 
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absorption is complete as in blue light, the rate is inversely proportional to the 
square root of the iodine concentration. The results of Berthoud and Bellenot on 
the relation of the rate to the intensity were subsequently confirmed by others, who 
varied the intensity by more adequate methods tlmn their sector device,'^^ Bhagwat 
believes this square root relation is not constant when the rate is varied over wide 
limits. Dhar, Bhattacharya and Mukerji®® find the relation between the velocity 
and the light intensity to vary from one-third to approximately five-fourths when 
the wave-lengths employed are in the range 3340 to 8750 A. 

Berthoud and Bellenot accounted for their results in either red or blue light by 
a mechanism which involved the assumption that light dissociates iodine molecules 
but not the triiodide ion predominantly present in the solutions, which contained 
an excess of potassium iodide. Their mechanism involved the chain reactions 

I -f GO/' > r + C.O/ 

C*0/ + I 2 ^ 2 CO 2 + I' + I 

and the chain-breaking reactions 

21 + r > 1/ 

I -f- 1 > h 

From these reactions and the assumption of stationary states for the concentra- 
tions of iodine atoms and C 2 O 4 ', it was possible to attain agreement with the 
experimental results for the reaction rates under varied conditions. They found 
quantum yields of 0.11 (4860A) with respect to the total energy absorbed or 
3.2 with respect to that absorbed by lo. With blue light larger values, quantum 
yields up to 25 were obtained, verifying the chain nature of the reaction. 

The temperature coefficients determined by Allniand and Young and by the 
Indian workers were high, about 3.0; those of the thermal reaction were as high 
as 6 . 86 . This indicated a high energy of activation for some partial process, a 
feature difficult to reconcile with the chains proposed by Berthoud and Bellenot. 
Other reactions of iodine solutions required the concept that the triiodide ion 
present is photochemically decomposed wdth the production of iodine atoms and 
possibly the hypothetical ion I 2 '. It was found possible by Dickinson and Ravitz 
to derive a mechanism from this concept of the primary process which also led to 
the experimental results of Berthoud and Bellenot. Such a mechanism was 
employed by Allmand and Young, who appended to their paper a discussion of the 
application of the mechanism to other photochemical oxidations by iodine. This 
mechanism has also been used by Griffith, McKeown and Winn in their treat- 
ment of the analogous reactions between bromine and potassium oxalate. They 
conceived the action of the free halogen to be only that of an internal light filter. 
In their experimental work they considered also the case in which there is but 
little of the iodide ion in excess. Berthoud, however, has reiterated that it is 
the iodine molecule which is dissociated. 

™ Briers, F., Chapman, D. L.. and Walters, E., J. Chem. Soc., 129, 562 (1926); Allmand, A. J., 
and Young, K, W., Trans, haraday Soc., 27, 515 (1931). 
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Ahs., 28, 1928 (1934). 

Dhar, N. R., Bhattacharya, A. K., and Mukerji, B., Nature, 131, 840 (1933); I. Indian Chem. 
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Dickinson, R. G., and Ravitz, S. F., J. Am, Chem. Soc,, 52, 4770 (1930). 
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Abel and Schmidt have found evidence for the occurrence of the intermediary 
compound, probably C2O4', the existence of which had been assumed in the earlier 
mechanisms and for which kinetic evidence had been given by Abel, Schmidt and 
Retter.®® Its long life is indicated by an initial reaction rate increase and by the 
photochemical after-effect which had been studied by the intermittent sector 
method by Berthoud. (See Chapter IS,) 

It may also be noted that Bhattacharya and Dhar®® have proposed that the 
analogous bromine-oxalate reaction may proceed by way of excited molecules, 
since they believe it can be markedly accelerated by wave-lengths in the region 
of 7304A. 

Malonic and Other Acids. The products of the photodecomposition of 
malonic acid, either in the presence or absence of uranyl sulfate, are acetic acid 
and carbon dioxide.®'^ With 0.01 molar uranyl sulfate, the rate decreases with 
decreasing concentrations of malonic acid, being approximately proportional to the 
cube root of the concentration of the latter. In the absence of catalyst, the quantum 
yield varies between 0.68 and 0.81, being little affected by the wave-length. In 
the presence of catalyst it is lower, 0,27. The extent of ionization of the malonic 
acid does not affect the results. There may be two independent reactions, one due 
to the light absorbed by the malonic acid and the other to that absorbed by the 
catalyst, but there is no evidence for the formation of a complex between malonic 
acid and uranyl salts. The ineclianism of the catalyzed reaction may involve the 
deactivation of excited uranyl sulfate molecules by collision with other uranyl 
sulfate or with malonic acid molecules. The temperature coefficient of the sensi- 
tized reaction is 1.13,®® and that of the unsensitized reaction, 1.07.®® Malonic 
anhydride (carbon suboxide, C2O3) is not appreciably affected by ultraviolet 
light.®® 

Coster and van der Ziel have noted in the photochemical decomposition of 
monoalkylmalonic acids the formation of a substance that is not a fatty ac^d. This 
conclusion was drawn from study of its x-ray spectrum. 

A uranyl salt-photosensitized reaction between succinic acid and methylene blue 
at 3600A is, after an initial induction period, of zero order with respect to the 
methylene blue. The rate is proportional to the incident intensity and independent 
of the pIL One-half of the collisions between excited uranyl ions and succinic 
acid molecules are believed to be effective.®^ 

Sattler and Nicolet find treatment of diethyl cyclopropane- 1,1-dicarboxylate 
with bromine at 40® to 50® C. under mercury arc irradiation through quartz gives 
OH 

lioth Br<^^j^2>c(COOC2H5)2 and Br CH2 CH2 CBr-(COOC2H5)2, with 
relatively larger amounts of the latter than when no irradiation is used. Stoermer 
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md Ladewig®^ discovered that whexi alcoholic solutions of tmw^-cyclopentane- 
1,2-dicarboxylic acid are exposed to the Uviol lamp, conversion into mono- and 
dl-esters occurs. The expected transformation into tlie cis modifications did not 
take place. 

Oxalyl chloride is slowly decomposed when irradiated with wave-lengths shorter 
than 3800A, the reaction being predominantly monomolecular with a low quantum 
yieldL®^ The final products are phosgene and carbon monoxide, but it is believed 
tliat the initial products are chlorine and carbon monoxide. Two mechanisms are 
proposed for the effects of different wave-lengths. With short ones, the molecule 
breaks at the carbon-carbon bond, but with longer wave-lengths, a break at one 
of the carbon-chlorine bonds predominates. 

Hydroxylic Acids 

Volmar®® found that hydroxy-acids and their salts undergo photolysis under 
the influence of ultraviolet rays, and to a lesser extent in sunlight Tartaric acid 
in 1-per cent solution after three hours gave 3.5 cc. of gas composed of carbon 
dioxide 66 per cent, carbon monoxide 10 per cent, hydrogen 21 per cent, and hydro- 
carbons 3 per cent. The solution contained aldehydes and small quantities of a 
reducing substance of the nature of a sugar. In the presence of alkalies, the carbon 
monoxide was lessened or al)sent, owing to condensation with a portion of the 
hydrogen with production of the aldehydic substances. The homologs of tartaric 
acid behaved similarly. The decomposition may be accelerated by the presence of 
catalysts such as uranyl acetate or iron salts,®’^ 

Winther finds the oxidation of citric, tartaric, lactic and oxalic acids to be 
insensitive to light. 

In the presence of tartaric, lactic or mandelic acids as oxygen acceptors, the 
photochemical reduction of ferric chloride is of zero order.^^ With both mandelic 
acid and lactic acid, the life period of the excited ferric ion is of the order of 
10”^ second. With tartaric acid, the reaction is complicated by the circumstance 
that the immediate product of the pholooxidation of the acid also reacts with ferric 
salts under the influence of light. In the case of mandelic acid, the quantum yield 
is unity at 4880A, but becomes nearly 1.4 at 3900A; with tartaric acid and lactic 
acid, it is nearly 0.5 at 4880A and 0.8 at 3900A. Oxygen has been found a negative 
catalyst in the photochemical oxidation of lactic acid by bromine water by Dunni- 
cliff and Joshi.^^® 

Lactic Acid. The decomposition of solid calcium lactate by ultraviolet 
light was found to give carbon monoxide, methane, ethane and hydrogen.^^^ 
Baudisch stated that lactic acid, repeatedly purified from its zinc salt, gave 
decisive reactions for acetaldehyde after about forty hours of irradiation followed 
by distillation. He could not detect methane, although Schanz had previously found 

Stoermcr, R., and Ladewig, 11.. Ber., 47, 1803 (1914). 

** Krauskopf, K. B., and Rollefson, G. K., /. Am. Chem. Soc., 58, 443 (1936). 
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a small amount,^^ Euler had, however, previously shown that in pure aqueous 
solutions at 70®C., there were produced alcohol and a gas, the latter being 90 per 
cent carbon dioxide and 10 per cent a mixture of hydrogen and carbon monoxide. 
The rate did not appear to depend upon the concentration of the acid. An induction * 
period of about two hours was noted. The rate of evolution of gas was not accel- 
erated by the presence of either ferrous or ferric salts, although the latter were 
reduced. 

Bredig, Mangold and Williams state that inactive lactic acid is decomposed 
by light of wave lengths 2200 to 3000A, but is not rendered optically active. 
Bolin found that no decomposition occurs in glass flasks.^®® Bums found 

wave lengths less than 2500A effective in decomposing lactic acid in aqueous solu- 
tion, the chief products being alcohol and carbon dioxide. The amounts of alcohol 
were 19 per cent in excess of those required by the assumption that the products are 
equal amounts of alcohol and carbon dioxide. The quantum yield, based on the 
carbon dioxide, was approximately 0,65, although the intensity measurements were 
admittedly inaccurate. Based upon the alcohol formed, it was 0.77. Carbon 
monoxide, 3.82 per cent of the total gas, saturated hydrocarbons, 5.36 per cent and 
unsaturated hydrocarbons 0.89 per cent, formed about 9 per cent of the gaseous 
products, but neither aldehyde nor hydrogen peroxide could be detected. Lichen, 
Lowe, and Bauminger have stated that lactic acid in alkaline solutions yields 
acetaldehyde and acetic acid, possibly formed through pyruvic acid, which in alkaline 
solution they found to be more readily attacked than lactic acid. The reaction could 
be sensitized to diffused daylight by sodium anthraquinonesulfonate. Muller 
found that in the presence of uranyl sulfate, lactic acid and sodium lactate could 
he photochemically converted into acetaldehyde with a quantum yield of approxi- 
mately unity (4025A). 

Ganassini^^^ and Ciamician and Silber found that lactic acid on prolonged 
exposure to sunlight in the presence of air yielded qualitative tests for acetic acid, 
pyruvic acid, acetaldehyde and carbon dioxide. Burns, in extending his work to 
oxygen-containing solutions, noted the chief products to be carbon dioxide, acetalde- 
hyde, a peroxide and acetic acid, thus confirming the results of Baudisch and of 
Neuberg if it were assumed that they had w^orked without excluding oxygen. 
Neither ethanol nor pyruvic acid could be detected. 

Studies of the rate of the oxidation of mandelic acid by methylene blue in the 
presence of uranyl nitrate as photosensitizer have been made by Ghosh, Narayan- 
murti and Roy^”’*'^ at 4360, 3660, 31v^0 and 2540A. In each case, there were short 
induction periods, those at 3660A, and particularly 436()A, being longer. The results 
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are complex. The photochemical oxidation of mandelic acid by bromine is of first 
order in the absence of potassium bromide and of zero order in its presence.^ 

Ghosh and Bhattacharya find that for monochromatic light, the rate con- 
stant is proportional to the square root of the absorbed energy. It was believed 
tliat the combined action of rays of two wave-lengths was less than that of the 
sum of their effects taken separately. For 4360A the quantum yield is 12.5, but 
it varies greatly with the light intensity and wave-length. 

Ghosh and Ray find the uranyl-sensitized oxidation of mandelic acid by 
bromine a chain reaction with high quantum yield. 

Tartaric Acid. The formation of reducing substances and carbon dioxide 
when tartaric acid is exposed to ultraviolet rays was described by Euler and Ryd.'^® 
Ferric salts increase the rate of gas evolution, being themselves reduced. In the 
presence of uranium salts, the a-hydroxy acids decompose slowly in sunlight into 
formic acid and the respective aldehydes and ketones. Tartaric acid yields glyoxal 
and citric acid yields acetone. This photochemical reaction could be employed for 
the detection of tartaric acid in a solution of citric acid. It appeared specific in that 
it was not given by any of the other aliphatic hydroxy-acids examined by Pavolino. 
After the addition of a uranium salt, the solution to be examined is exposed for at 
least thirty minutes to sunlight or to a light source of similar intensity. A few 
drops of phenylhydrazine or a corresponding quantity of a S per cent solution of its 
acetate are added. If tartaric acid was originally present, a yellow precipitate of 
phenylglyoxal osazone formed. Its color soon changed to wine red, probably 
because of the oxidative effect of the uranium salt. 

Volmar that solutions of potassium antimonyl tartrate and the corre- 

sponding compounds of arsenic, bismuth, copper and iron undergo decomposition 
on exposure to ultraviolet radiation with liberation of the metal, the maximum 
effect being produced in the case of the bismuth compound. Potassium boro- 
tartrate is an exception ; Volmer considers this due to the fact that it appears to be 
a mixture rather than a definite compound. 

Light accelerates the direct air oxidation of sodium tartrate catalyzed by sodium 
sulfite, cerium hydroxide, sodium hydroxide, sodium carbonate or bicarbonate and 

ferrous hydroxide.'^s 

The oxidation of citric acid by chromic acid has temperature coefficients of 
3.8 in darkness and 1.05 in light. The velocity varies as the square root of the 
light intensity, although in the case of tartaric and lactic acids, the rate is directly 

proportional to the light intensity. ^^4 

In the case of citric acid, the process involves chains, the length of which 
increases with temperature and concentration. 

Ghosh, J. C, and Purkayastha, R. M„ Z. physik. Chem., 7B, 285 (1930) ; 7 Indian Chem Soc , 6, 
361 (1929). 

Ghosh, J. r., and Bhattacbarya, S. K., Z. physik. Chem, 31B, 420 (1936) 

Ghosh, J. C.. and Ray. B. B., Z. phvstk. Chem., 32B, 158 (3936). 

JJ^Eder, H., and Ryd, S., Biochem. Z , 51, 97 (1913). 

ISO fi'or data on the absolution spectra of tartaric acid solutions, see Bruhat, G., and Legrls, R., 
Compt. rend., 189, 745 (1929); Ann. Phys., 13, 6 (1930); Descamps, R., Compt rend., 1&5, 116 (1927); 
Lucas, R., and Schwob, M., Compt. rend., 192, 225 (1931); Bruhat, G., Compt rend., 192, 489 (1931). 

^Pavolino, T., Gwrn. farm, chim., 79, 310 (1930); Chem. Ahs., 25, 251 (1931). 

12 a Volmar, Compt. rend., 176, 1465 (1923); J. Chem. Soc., 124 (ii), 453 (1923). 

’^Palit, C. C., and Dhar, N. R., /. Indian Chem. Soc., 11, 471 (1934); Chem. Ahs., 28, 6780 (1934). 

Bhattacharya, A. K., and Dhar, N, R., Z. anorg. allgem. Chem., 169, 381 (1928); Chem. Ab.r., 
22» 2111 (1928); Z. anorg. allgem, Chem., 196, 26 (1931); Chem. Ahs., 25, 20.52 (1931). 
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Keto-acids 

Comparatively few photochemical studies have been mac^e of the ketonic acids, 
although occasional use has been made of ultraviolet absorption studies in the ' 
solution of problems relating to their constitution,^^® 

The yield of acetoin formed by ultraviolet light from aqueous solutions of 
pyruvic acid decreases from 100 per cent at 0.2 to 3 molar to 12 per cent at 11.4 
molar. In the presence of benzaldehyde, Discherl detected the formation of 
acetylphenylcarbinol. Benzaldehyde, benzene, salts and dehydrating agents hinder 
acyloin formation. The irradiation of 0.5 to 2 molar solutions of a-ketovaleric 
acid gave a 39 to 40 per cent yield of butyroin. 

The photobxidation of pyruvic acid is sensitized by eosin and isochlorophyllinc, 
slightly by rhodamine B and is inhibited by hydrogen cyanide. In alkaline solu- 
tions, oxalic acid is formed.'^^ Lipmann finds light to increase the reduction 
of methylene blue or of ferric ion by pyruvic acid. In the latter case, the pyruvic 
acid appeared to be oxidized to acetic acid and carbon dioxide. 

When sensitized by eosin, chlorophyll, ferric or uranyl salts, the photochemical 
oxidation of glycolic acid yields formaldehyde and carbon dioxide, but glyoxylic 
acid gives only caibonic acid.^^® Ferric gluconate is reduced in sunlight to a 
ferrous salt.^®® 


Halogen ATED Acids 

Ultraviolet light splits aqueous solutions of halogenated fatty acids and their 
salts in various ways, among the products being formaldehyde, carbon dioxide, 
hydrogen, and chlorine,^®^ Euler found that the haloacetic acids split off their 
halogen in aqueous solutions at 18°C. in ultraviolet light at a rate comparable to 
that in darkness at 100° C. The rate decreased at higher concentrations of the 
acids. 

In benzene solution, monochloracetic acid also lost .some chlorine. Other prod- 
ucts identified included a small amount of polyglycolide, fumaric acid and another 
unsaturated acid. Bromoacetic acid suffered decomposition more readily. Little 
is known of the mechanism by which the unsaturated acids were produced. In 
ether, qualitatively similar results were also reported with both monochlor- and 
monobrom-acetic acids. The reaction becomes evident when wave-lengths between 
3130 and 2660A arc employed. A quantum yield of unity at 2536 A was reported 
by Budberg^®*^ for monochloracetic acid. For monobroniacetic acid, he found it 
only 0,34, but that this increased as the solution was made alkaline. More recently, 
Farkas has reported for monochloracetic acid a quantum yield of 0.9, inde- 

Pyruvic acid, Henri V., and Fromageot, C, Bull. sac. chtm., 37, 845 (1925); Pascal, P., /Hd., 
39, 396 (1926); Bcnzylmethylglyoxal, Lowry, T. M , Mouieau, H., and MacConkey, -C. A., /. Chem. 
Soc., 3167 (1928); Levulinic acid, Gex. M., Arch. phys. hiol., 10, 250 (1933); a-ketonic acids, Frc^- 
niageot, C. Pelletier, M., and Ehrenstem, P., Bull. soc. ch%m., 51, 1282 (1932); fl-kctogluconic acid, 
Niederhoff, P., Z. physiol. Chem , 181, 83 (1929). 

Discherl, W., Z. physiol. Chem., 219, 177 (1933); Brit. Chem. Abs., 1933A, 1037. 

^ Meyer, K., Cold Spring Harbor Symposia Quant. Biol., 3, 341 (1935); Chem. Abs., 30, 7457 
(1936). 

^Lipmann, F., Skand. Arch. Physiol, 76, 186 (1937); Chem Abs., 31, 4904 (1937). 

i^^Baur, E., Helv. Chim. Acta. 19, 234 (1936). 

**®Neiger, R.. and Neuschul, P., Z. physik. Chem., A177, 355 (1936). 

Jaeger, F. M., and Berger, (L, Rec. trav. chtm., 41, 71 (1922). 

Euler, H., Ber., 49, 1366 (1916). 

’»»Rudl>crg, E. G., Z. Physik, 24, 247 (1924). 

Farkas, L., Z. physik. Chem., B23, 89 (1933). 
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petideiit of the pH of the solution for wave-lengths less than 2300A. Dain and 
Puzenkin employ the reaction for absolute actinonietric measurements* 

The photochemical reactions between the halo-acetic acids and alcohol were 
studied by Cassel,^*® who observed decomposition into the unsubstituted acid, acetic 
aldeh)rde and the halogen acid. Wave-lengths shorter than 2500A were required. 
The halogen could be more readily liberated by light from 1-bromosuccinic acid 
than from 1-chlorosuccinic acid. 

A uranyl-sensitized photooxidation of monochloracetic acid by potassium per- 
manganate has been found of zero order with respect to the oxidant by Ghosh 
and Ray,^^'^ who employed the wave-lengths 3660 and 4360 A. Its rate varies 
as the intensity of the incident radiation and is influenced by the sensitizer con- 
centration. 

Trichloracetic acid decomposes into carbon dioxide and chloroform, the tem- 
perature coefficient being 3.6 in light and 4.28 in darkness, according to Banerji 
and Dhar.138 quantum yields are abnormally high and increase with the 

temperature and the frequency of the incident radiation. Solutions in water show 
some absorption of visible light which is without much photochemical effect, 
although water acts as photosensitizer. Absorption begins to increase at 3200A, 
is complete at 3000A, and decreases at shorter wave-lengths. 


Unsaturated Acids 

The stereoisomeric transformations of uiisaturated dicarboxylic acids, direct 
and sensitized, have been much studied. Kailan found that solid fumaric acid 
was not converted into maleic acid by ultraviolet light, and that maleic acid could 
be converted into fumaric only to the very slightest extent. But in aqueous solu- 
tions (about 0.084 normal), an equilibrium between the two acids could be reached 
from either side. The equilibrium was displaced somewhat toward the side of 
maleic acid with increasing concentrations. At 45° to 50°C., with OAN solution 
the equilibrium mixture contained 75 per cent of maleic acid and in 0.4^" solution 
79 per cent. The velocity of transformation was much greater in quartz than in 
glass vessels, but the equilibrium composition was the same. 

Earlier observations were recorded by Stoermer with Frederici, Brautigam and 
Neckel,^^^ who found that although fumaric acid when irradiated yielded about 
70 per cent of maleic acid, sodium funmrate could not be converted into sodium 
maleate in this manner. The transformation of fumaric acid into maleic acid 
could also be effected in benzene solution.^^- Stoermer, who has made extensive 
investigations of the stereoisomeric transformations of ethenoid linkages in a wide 
variety of compounds, showed that at photochemical equilibrium, the less stable 
form was present in the larger amount, proving that light does not act merely as a 
catalyst in hastening a thermal equilibrium. 

^Dain. B. Y., and Puzenkin, E. S., Ber. ukratn, wiss. Forsch-lnst physik. Chem. 4. 75 (1934): 
Chem, Ahs., 29, 2451 (1935). /o v yonj, 

^Ca39cl, H. W., Z, physik. Chem., 92, 113 (1916). 

^ Ghosh, J r, and Ray, B. B., J Indian Chem. Soc., 13, 1 (1936); Chem. Ahs., 30, 4093 (1936). 

K * -2’. anorg. allgem. Chem., 134, 172 (1924); Chem. Abs. 18, 
2634 (1924). ' 

^ Bliattacharya, A. K., and Dhar, N. R., Z. anorg. allgem, Chem, 209, 123 (1932); Chem. Abs., 

physik. Chem., 87, 333 (1914); J. Chem. Soc., 106 (it), 449 (1914); Monatsh. 41, 
305 (1920); Chem. Abs., 15, 1100 (1921). sn., 

Stoemjer, R., with Frederici, Brautigam, and Nwkel, Ber., 44, 637 (1911). 

Stoermer, R., Ber., 42, 4865 (1909); 7. Chem. Sac., 98 (ii), 114 (1910). 
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Warburg measured the quantum yields for the transformation of each 
stereoisomer at the wave-lengths 2070, 2530 and 2820A. The yields were but 
little affected by the change in wave-length, being slightly greater at 2530A than 
at either of the other two. For the conversion of maleic into fumaric acid, the^ 
values ranged from 0.032 to 0.049, being slightly greater at lower (0.00514) than 
at higher (0.0102) concentrations. For the reverse transformation of fumaric into 
maleic acid, the yields were about twice as great, varying from 0.08 to 0.133. In 
this case, the higher values were obtained in the more concentrated solutions. The 
low quantum yields were assumed to be due to the fact that after the initial excita- 
tion of the molecule, it tends on collision to return to the original form more 
frequently than it does to yield the isomer. At 3 130 A, Vaidya foimd the 
quantum yields for maleic acid to be at 0.01 molar, 0.048, at 0.005 molar, 0.052 
and for fumaric acid, 0.117 and 0.083, respectively. 

Absorption data for maleic and fumaric acids, their ^menthyl and dimethyl 
esters an^ maleic anhydride in various solvents were given by Wassermann and 
Smakula over the range 3000 to 1900A. Their data were thought not to elimi- 
nate the Anschutz cyclic formula for maleic acid. 

It has been suggested that maleic and fumaric acids may have a common 
excited electronic slate.^'*® Olson has given a theoretical treatment of the con- 
version. The potential energy wells corresponding to the separate acids are 
separated by a potential harrier, so that the transformation cannot occur thermally 
at ordinary temperatures. Olson plotted curves of the potential energy against 
the angle through which one half of the molecule is twisted relative to the other 
about the double bond as axis. Such curves for the excited state make evident the 
manner in which the stabilizing effect of the double bond di.sappears on excitation of 
one of the electrons of the bond. From these curves Olson determined by the methods 
of wave mechanics, the probabilities that on the return of the molecule from the 
excited state, the cis or the trans form would result. With Hudson, Olson 
further developed methods for predicting from the extinction coefficients of the 
acids at various concentrations and wave-lengths, the compositions of the photo- 
stationary states when the acids, in several concentrations, are irradiated with 
various monochromatic wave-lengths. From thermal data, calculations of the 
heats of isomerization were also made. 

Comparison of the absorption spectra of the cis and trans forms of a number 
of related stereoisomeric compounds usually show that of the more stable trans 
form to lie closer to the visible. Contrary to this general rule, in the three pairs 
of compounds, diethyl aa'-diphenylfumarate and maleate, dimethyl aa'-di-m-tolyl- 
fumarate and maleate, and dimethyl aa'-di-/>-tolylfuniarate and maleate, the absorp- 
tion curve of the cis form is the closer to the visible, and is, therefore, the more 
stable form at low temperatures. Ramart-Lucas and Hoch prepared these 
three fumarates by the irreversible action of ultraviolet on the corresponding 
maleates; this reaction gave, in addition, carbalkoxyarylindones, also formed by 
the action of ultraviolet light on the dialk'yl aa'-diarylfuniarates. Irradiation of the 

Warburg, E.. Sitffb, Preuss. Akad. Math.-Phys , 960 (1919); Chem. Ab^„ 14, 1931 (1920), 

’♦^Vaidya, B. K., Proc. Roy. Soc., A129, 299 (1930). 

145 Wassermann, A., and Smakula. A.. Z. physik. Chem., A155, 366 (1931). 

Bonhoeffer, K. F., and Harteck, P., ‘‘Grundlagen der Photochemic,” Dresden, Steinkopff, 270, 1933, 

Olson, A. R., Trans. Faraday Soc., 77 1 69 (1931). 

^ Olson, A. R., and Hudson, F. L., J Am. Chem. Soc., 55, 1413 (1933). 

^^Ramart-Lucas, Mme., and Hocb, J., Campt. rend., 189, 696 (1929). 
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sodium salts of the aoj'-diaryluialeic acids with ultraviolet light gave the sodium 
salts of the aryliudouecarboxylic acid.^®® 

The possibility of the photodissociation of the unsaturated acids into carbon 
dioxide and acids of the acrylic series has been discussed* Volmar found that 
unsaturated dibasic acids undergo photolysis more rapidly than their saturated 
analogs* That of the cis compounds was five to six times as rapid as that of 
the trans forms, the latter behaving like monobasic acids. In the cis acids, the 
carboxyl groups were thought to exert a mutually enhancing effect. Itaconic 
acid behaved like succinic acid. On prolonged exposure to ultraviolet light, both 
the cis and trans forms behave alike after an equilibrium state has been set up. 
Olson and Hudson found that such photolyses occur with insufficient speed to 
interfere with their determinations of the stationary states resulting from stereo- 
isomeric transformations. 

Berezovskaya, Kogon and Moskalenskaya found that light alone induced 
only the stereoisomeric changes in maleic and fumaric acids, but that the combined 
action of ultraviolet light and platinum led to decomposition. The barium salt of 
fumaric acid reacted similarly to the free acid, but the barium salt of maleic acid 
underwent no decomposition under these conditions. 

The sensitization of the maleic-fumaric conversion to visible light by bromine, 
described by Wislicenus in 1895, has been extensively studied by Eggert and 
co-workers.^®® The ethyl esters were studied in carbon tetrachloride solution. 
The rate was proportional to the number of quanta absorbed, independent of the 
bromine concentration within the limits of 1:9, and independent of the carbon 
tetrachloride concentration within the limits 1:5. At 21 ®C., with the bromine 
concentration 0.1 AT, at the wave-length 4360 A the quantum yield for the trans- 
formation was high, 295. At the same time, some of the bromine was photo- 
chemically added to the ester, the quantum yield for this reaction being 8.2.^®^ 
These yields were independent of the intensity of the light and tlie concentra- 
tion of the ester from pure ester to 70 moles of solvent per mole of ester. They 
were also independent of the bromine concentration from 0.03 to 0.3Ar. The 
intermediary formation of diethyl dibromosuccinate was postulated but no attempt 
was made to isolate it. Subsequent determinations by Wachholtz at this wave- 
length showed, at various bromine concentrations, a range of from 108 to a maxi- 
mum of 755 for the quantum yield for the transformation to fumarate. At 5570A 
the range was 77 to 307. The temperature and the wave-length employed were 
the chief determining factors. At the shorter wave-length (4360A) the yield 
increased approximately from 100 at 0® to 700 at 23°C. ; at 5570A from 100 at 16^ 
to 300 at 23® C. Similarly, the yields for the addition reaction depended only upon 
the temperature, wave-length and bromine concentration, values within the range 
of 3 to 42 being obtained. Bromine atoms, produced by photodissociation, form a 
complex short-lived intermediary product. This is considered a radical, since 
only one bromine atom is present. In a subsequent collision, the bromine atom is 
again liberated and fumarate formed. The liberation of the bromine permits it to 
act upon another maleate molecule and so accounts for the very high quantum 

^Sec also Biquard, D., Ann. Chim., 20, 97 (1933). for the change of methyl diphenylmaleate to the 
fumarate on irradiation of its alcoholic solution, catalyzed by a trace of bromine, 

Ml Volmar, Compt. rend.. 181, 467 (1925). 

M* Berezovskaya, F. I,. Kogon, M., and Moskalenskaya, E., Compt. rend. acad. sci. U.KS.S., 4, 50 
(1934); Chem. Ahs., 29, 2089 (1935). 

Eggert, J., Physik. Z., 24, 504 (1923); Chem. Ahs., 18, 3548 (1924). 

^Eggert, J., Wachholtz, F., and Schmidt, R., Physik. Z., 26, 865 (1925). 

MB Wachholtz, F., Z. physik. Chem., 125, 1 (1927). 
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yields. In the event of a collision of the radical with a bromine molecule, it is 
possible that dibromosuccinic ester may be formed with liberation of a bromine 
atom. 

In the case of the methyl ester (and also of the free dcids), the quantum yields 
of the transformation and addition reactions are independent of the variation of the 
ester concentration and of the radiation intensity at high concentrations. At low 
concentrations, however, the yield for the isomerization decreases with decreasing 
ester concentration and with increasing intensity. Both this and the yield of the 
addition reaction are markedly dependent upon the temperature, as in the case 
of the ethyl ester.^*^® The yield for the addition reaction depended upon the 
bromine concentration. The effect of change of wave-length (4360A, 5470A) is 
as follows: ethyl ester, ratio of yields at 4360 to 5470A, 1.0, methyl ester, 2.3. For 
the addition reaction, the corresponding values were 2.3 and 1.9. For free maleic 
acid, the ratio of the yields for the isomerization were 5 *4. 1, for ultraviolet, blue 
and green light. 

In the system: maleic acid, sulfuric acid and bromine, at high concentrations 
of maleic acid, the transformation quantum yield is 430 at 21 At lower con- 

centrations of maleic acid, it is less, and becomes dependent on both the light 
intensity and the concentration of the maleic acid. The light reaction may, under 
these conditions, be initiated by the reduction of bromic acid, hypobromous acid 
and bromine. Reduction of bromine by ferrous sulfate gives a yield of 10,000 
molecules of fumaric acid per atom of bromine formed. The yield is practically 
independent of the concentration of the reactants as long as the ferrous ion con- 
centration is less than 10*^, but at higher concentrations it becomes dependent on 
the ferrous ion concentration. These studies were undertaken to provide additional 
evidence that bromine atoms are responsible for the photosensitized conversion.^®® 

The quantum yield of the addition of bromine to dimethyl fumarate is of the 
order of magnitude found by Wachholtz for the bromination of diethyl maleate or 
fumarate. It is not essentially different when aqueous solutions are used. 

Mercuric bromide and mercurous nitrate and perchlorate are said also to sensi- 
tize the photochemical change of maleic to fumaric esters. 

Stoermer and Robert found the rearrangement of the amide of crotonic 
acid into that of isocrotonic acid to be easily effected by a Uviol lamp. By 
the aid of a Ileraeus quartz lamp, they effected to some extent the conversion 
of the corresponding acid. Under the influence of ultraviolet light, it was also 
easily possible to secure the addition of the elements of water, methyl or ethyl 
alcohol to the double bond. Aniline and ammonia also add with the greatest 
ease at the double bond of a,/?-unsaturated acids; crotonic acid and aniline give, 
together with a little of the anilides of crotonic and isocrotonic acids, chiefly 
CH8CH(NHCeH5)CH2COOH and some of its anilide, while ammonia yields 
chiefly CH3CH(NH2)CH2COOFI and iminodibutyric acid, with only very little 
of the amide of crotonic acid. 

The separation of the two anilides is extraordinarily difficult and even on 
irradiating the pure stable anilide the amount of isoanilide obtained was not 
sufficient to permit of complete separation by careful fractional crystallization. 

Kggcrt, J., Wachholtz, F„ and Schmidt, R., Z, Ehhtrochem., 33, 542 (1927). 

Wachholtz, F., Z, Elektrochem., 33, 542, 54 5 (1927). 

^See also Oest^rr, Chem. Ztg., 30, 110 (1927); Z. physib, Chem., 135, 147 (1928); Schmidt, R., 
Z. physik. Chem., Bl, 20S (1928). 

«»Stoeimer, R., and Robert, E., Ber., 55B, 1030 (1922); Chem, Abs., 8, 2880 (1914); 16, 3631 (1922). 
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With the Heraeus lamp the maximum rearrangement (40 per cent) of the amide 
of crotonic acid in acetone is attained in about two days. For the rearrangement 
of crotonic acid, toluene proved the best solvent. 

Acrylic acid similarly treated with aniline gives CeH5NHCH2CH2CONHC0H5 
and the deliquescent hydrochloride, melting about 64° C., of C6H5NHCH2CH2 
GOOC2Hr>, a light yellow oil. From crotonic acid and paratoluidine was obtained 
ethyl )^-/>-toluidineobutyrate. 

The conversion of the a-'methylated mesaconic acid into citraconic acid is very 
difficult. In solution in water or methyl alcohol, the solvent appears to combine with 
the acid.^®^ Quantum yields of 0.18 at 0,01 molar and 0.22 at 0.005 molar were 
reported by Vaidya for 3130A for the isomerization of citraconic acid. 

The acrylic acid esters prepared from glycerine, lactic acid, etc. when exposed 
to sunlight or ultraviolet light polymerize to varnish'-like elastic masses. They 
are soluble in solvents for oils and are said to dry rapidly and not to be readily 
affected by exposure or by chemical agents.'^®^ 

Malachowski and Maslowski have prepared the and yArans-mono- 

methyl esters of aconitic acid by irradiating the cis compounds in the presence 
of bromine by direct sunlight or a mercury arc. 

Little, if any, work has been done on the photochemistry of the higher saturated 
fatty acids, but the long-chained unsaturated fatty acids have been frequently 
studied. The results of this w'ork are discussed in Chapter 30 in connection with 
the behavior of drying oils. 

Compounds Containing Nitrogen 

Cyanogen Compounds. Hydrogen cyanide has no absorption spectrum 
between 2800A and 2100A but possesses a series of bands between 2001 and 
1789A.^®^ A few observations on the decomposition of hydrogen cyanide in 
cherry-laurel water have been reported by Andant and Rousseau.^ They believed, 
since they found about as much (slight) decomposition to be effected by the 
3650A line as by the total radiation of an arc to 3130A, that ultraviolet effects are 
nullified by the longer wave-lengths. They state that 0.126 gm. of manganese 
chloride in cherry-laurel water increases the action of ultraviolet rays so that the 
loss of hydrocyanic acid reaches 10.1 per cent in the first thirty minutes of irradia- 
tion and 30.0 per cent after two hours. They were inclined to attribute the activity 
to visible light. 

Cyanogen is transformed into paracyanogen by ultraviolet rays.^^® On exposure 
to sunlight, cyanogen slowly polymerizes. In the presence of oxygen and ultra- 
violet light, it is oxidized completely to carbon dioxide and nitrogen. Hogness and 
Tsai,^®^ observed in cyanogen gas at one atmosphere a series of diffuse bands 
beginning at 2240A and extending to the limits of dispersion of the quartz of their 

i«oStoermer, R., Ber., 44, 637 (1911). 

Vaidya, B. K,. Proc. Hoy, Soc„ A129, 299 (1930). 

i®* Morrell, R, S., 4nd dc Waellc, A., ‘‘Rubber, Resins, Paints and Varnishes,” New York, D. Van 
Nostrand Company, Inc., 1921, 

w» Malachowski, R., and Maslowski. M., Ber., 61B, 2521 (1928). 

i^Villars, D. S., /. Am. Chem. Soc., 52, 61 (1930); Hilgendorf, H. J., Z. Physik, 95, 781 (1935). 

Andant, A., and Rousseau, E., Compt. rend., 184, 683, 1553 (1927); Compt. rend. soc. bioL, 96, 
613 (1927); Chem. Abs., 21, 3161 (1927). 

Berthclot, D., and Gaudechon, H., Compt. rend., 150, 1169 (1910); J. Chem. Soc., 98, ii. 
349 (1910). 

^I|ogness, T. R., and Tsai, L. S., /. Am. Chem. Soc., 54, 123 (1932). 
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spectrograph. Their diffuse nature indicated the primary process to be one of 
predissociation, the available evidence indicating the products to be two CN mole- 
cules, one of which is excited,^®® The quantum efficiency for the polymerization 
by a hydrogen discharge source was found to be three. These authors were unablfe 
to confirm the observations of Berthelot and Gaudechon with the mercury arc, 
since cyanogen does not absorb any mercury lines. 

Norrish and Smith have described two reactions occurring when a mixture 
of nitric oxide and cyanogen is illuminated by radiations between 3600 and 2200 A. 

4NO > N. -f 2NO«. 

4NO + (CN)* > 3N* + 2CO,. 

In the first of these, which occurs six times as extensively as the second, the 
cyanogen plays the part of a catalyst. Neither reaction occurs in the absence of a 
small amount of oxygen, which accumulates as the reaction proceeds, the effect 
being autocatalytic. The previously unknown molecule, NOCN, was suggested as 
an intermediary product. 

A carbon tetrachloride solution of thiocyanogen (SCN)^, according to Kauf- 
mann and Liepe,^^^ polymerizes readily in the sunlight. In ethereal solutions, 
substances having powerful odors are formed. Soderback finds the addition 
of thiocyanogen to ethylenic hydrocarbons, which is very slow at ordinary tempera- 
tures, to go smoothly when the reactants are exposed in dry benzene solution to 
the action of actinic rays, yielding dithiocyanoethanes of the type CNS.CHR. 
CHR.CNS. Only two thiocyanogen radicals will combine with acetylenic hydro- 
carbons, giving compounds of the type CR'(CNS)~CR"CNS. Aromatic acetylene 
derivatives combine readily at the ordinary temperature in the dark, but aliphatic 
acetylenes require intense photocatalysis to cause addition. Interconversion of 
CIS and trafis forms under the influence of ultraviolet light occurs with the com- 
pounds obtained from acetylenes, a 0.02A solution of free thiocyanogen in benzene 
being an effective catalyst for the change. Acetylene itself yields a solid .y-dilhio- 
cyanoethylene, melting 97-98.5°, and a liquid form, melting 15-17°, which are inter- 
convertible under the influence of light. 

Irradiation of fumaronitrile in acetone with ultraviolet light for 100 hours 
gives maleonitrile and an additive compound. 

Ganassini finds that sunlight produces a yellow color in ally 1 isothiocyanate 
and that, after a month, it deposits a precipitate. In the presence of water, decom- 
position occurs to the extent of 5 per cent and, in its absence, to the extent of 
15 per cent, air being present in cither case. He suggested the following possible 
reactions. 

3GH8NCS + 3 H 2 O ^ C,H5NH* + (GH«),0 -h 2HCNS + H^S + CO 2 

9HCNS > 2(CNS)« + 3HCN + 3nS. 

Sulfuric acid and ammonia are also formed by secondary reactions. 

The polymerization of methylacrylonitrile in ultraviolet light has been described 

^»See also Mooney, R. B., and Reid, H. G., Nature, 128, 271 (1931). 

Norrish, R. G. W., and Smith, F. F. P,, Trans. Faraday Sot., 24, 620 C1928> 

Kaufmann, H. P., and Liepe, J., Ber., 56B, 2514 (1923) 

SdderbSck, E., Annalen, 443, 142 (1925). 

'^^jennen, J., Bull. soc. ckim. Belg., 46, 258 (1937); Brit. Chem. Abs., A II, 404 (1937), Chetn. 
Abs., 32, 500 (1932). 

Ganassini, D., Arch. ist. biachim. iial., 3, 1 (1931); Chem, Abs., 26, 2657 (1932). 
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by Mertcns and Fonteyn.^^^ Considerable information has been obtained regarding 
the absorption spectra of the nitriles and amides of many acids.^^® 

Amines* Dissolved in hexane, ammonia has a band at about 1920A, which 
is displaced toward shorter wave-lengths in aqueous solution.^^® Other amines 
exhibit similar solvent effects. 

In the gaseous state, the amines exhibit a wseries of diffuse predissociation 
absorption bands, increasing in intensity toward the shorter wave-lengths, and 
attributed to an electronic excitation in the amino- group.^’’^'^ In methylamine the 
predissociation bands begin at 2440A and in ethylamine at 2370A.^’^® 

Berthelot and Gaudechon^^® found ethyl- and methylamine, guanidine, and 
hydroxylamine, when subjected to ultraviolet radiations, to be converted first into 
ammonia and then into nitrites. Emel^us and Jolley state that methylamine, on 
exposure to light from a mercury arc or an aluminum spark, produces equal 
amounts of ammonia and hydrogen and a liquid, with small quantities of methane 
and nitrogen. Ethylamine gives the same gaseous products and small quantities 
of ethane and ethylene. Benzene has also been found among the products.^®^ 
Decomposition quantum yields of about 0.75 are found. The primary reaction is 
believed to form CH^NH and H, rather than CH 3 and NH 2 .^®^ The photo- 
oxidation of methylamine yields principally ammonia ; the quantum yield is 
again 0 . 75 . 

In the presence of zinc oxide, or titanium dioxide, the aliphatic amines are 
oxidized to nitrites in sunlight more readily than arc the aromatic amino- deriva- 
tives. The amines are first hydrolyzed and then the ammonia is oxidized to 
nitrite and the alcohol to an aldehyde.i®^ 

Amides* Berthelot and Gaudechon state that equal volumes of carbon 
monoxide and ammonia combine in a few hours to give forniamide under the 
influence of rays of wave-length about 2000A to 3000A. Forniamide also slowly 
decomposes when submitted to ultraviolet rays, the reaction being complicated by 
dehydration and formiition of hydrogen cyanide. Light, less markedly than heat, 
produces polymerization.^®^ The titanium dioxide-sensitized tlecomposition in 
sunlight proceeds more rapidly in the amides of monobasic than in those of dibasic 
acids.^®® 

On exposure to ultraviolet rays urea is said to be converted first into 
ammonia and then into a nitrite. Kailan,^®^ however, found that a normal solution 


Mertens, E,, wind Fonteyn, M., Bull. soc. chim, Belg , 45, 438 (1936); Chem Abs., 30, 8152 (1936) 
iWBruylanta. P., and Castille, A., Bull. soc. chim. Brig., 34, 261 (1925); Castille, A„ and Gueui- 
den. soc. saent. Bruxelles, 47B, 56 (1927); Castille. A., and Ruppol, E., Bull. set. acad rov 

Belg., 16, 1129 (1930); Bull. soc. chtm. Brig., 40, 243 (1931); 44, 351 (1935); A., Bull, set 

0930); Ruppol, E., Bull. sci. acad. roy. Belg , 21, 236 (1935); Herzberg, G.. 

and Scheibe, G., Trans. Faraday Soc., 25, 716 (1929). 

and Arends, B., Z. physik. Chem., B17, 177 (1932); for the absorption of alkyl amines, 

see Ramart-Lucas, Mme„ Compt. rend., 194, 726 (1932); Grunfeld, M., Jhxd , 194, 1083 (1932). 

Herzberg, G., and Kolecb, R., Z. Elektrochem., 39, 5 72 (19 3 3). Analyses of the methylamine bands 
« a VC been given by Henti, V., and Lasareff, W., Compt. rend., 200, 829 (1935), J. chtm phys., 32, 
«5 ^ t5 ^ 1 5 } • 


i^Erad^us, H. J., and Jolley, L. J., /. Chem. Soc., 16 1 2 (1935). 

Berthelot, D., and (jJaudechon, H, Compt. rend., 152, 522 (1911). 

Emeli'us, H, J., and Taylor, H. S., /. Am. Chem. Soc., 53, 2370 (1931). 

^Emeleus, H. J., and Jolley, L. T., loc. cit. 

Pandalai, K. M., /. Indian Chem. Soc., 11, 623 (1934); Brit. Chem. Abs., A 

1.316 (1934). 

^Berthelot, D., and Gaudechon, H., Compt. rend., 155, 207 (1912). 

Berthelot, D., and Gaudechon, H., Compt. rend., 150, 1164 (1910); 151, 478 (1910). 

(1935?*^'’’ Pandalai, K. M., J. Indian Chem. Soc., 11, 623 (1934); Chem. Abs, 29, 1326 

^Berthelot, D., and Gaudechon, H., Compt. rend, 152, 522 (1911). 

^Kailan, A., Z. physik. Chem., 95, 215 (1920); J. Chem. Soc., 118 (ii), 576 (1920). 



ACIDS AND OTHER ALIPHATIC COMPOUNDS 459 

of urea irradiated for 48 hours by a quartz mercury lamp (or for 1632 hours with 
the rays from 80 mg, of radium) showed no change in density, refractive index, 
or rate of change into ammonium cyanate, other than could be accounted for by 
experimental error. ' ♦ 

Azomethane. This compound begins to absorb at about 4000A, exhibits 
a maximum at 3390A, a minimum at 2700A and increasing absorption at shorter 
wave-lengths. No evidence of definite bands appears.'®® 

Ramsperger followed the photodecomposition by pressure measurements from 
which he concluded the reaction to be mainly 

CHaNNCH.o N» + GHt,. 

He found the temperature coefficient to be about zero and the quantum yield two, 
the latter remaining practically constant over a two hundred-fold pressure range. 
To explain this result, Ramsperger made the assumption that the ethane molecule 
bore enough energy, derived from the heat of reaction and from the excess energy 
of the 3660A line employed over the energy required for the photodecomposition, 
to effect the decomposition of a second molecule of azomethane on collision with it. 
This theory would, however, be difficult to reconcile with the independence of the 
quantum yield and the pressure. 

Since Ramsperger had used the ‘‘treacherous method of filters'^ in his quantum 
yield determinations, Forbes, Heidt and Sickman repeated them, using for the 
energy determinations the uranyl oxalate actinometer. They made determinations 
at six wave-lengths of monochromatic light and at various pressures. At low 
pressures they found the quantum yield to approach unity as its upper limit, at 
least for the initial decomposition. It decreases with increasing decomposition at 
room temperature and also with increasing pressures. The latter points to a 
collisional deactivation. It was necessary in the measurements to use a graphical 
method of correcting for errors due to the deposition of difficultly volatile decom- 
position products upon the window. The quantum yields passed through a maxi- 
mum in the region 3660 to 3350A, corresponding to the maximum of absorption 
by the N — N bond. At shorter wave-lengths they decreased, but began to increase 
again when wave-lengths absorbed by the N — C bond were employed. In agree- 
ment with Ramsperger, the temperature coefficient was zero at temperatures below 
260° C. 

That the decomposition is not a chain reaction between 20° and 226° C. was 
confirmed by Patat,'®^ who believed the primary reaction to yield nitrogen and 
two methyl groups. His evidence for this was the fact that dimethyl ether at 150 
to 600 mm. pressure could be decomposed in the 'presence of 10 to 30 mm. of 
irradiated azomethane. That the free methyl radicals did not form chains indicated 
the activation energy for the reaction between methyl and azomethane to be 
greater than 20 kcal. Burton, Davis and Taylor believe quantum yield deter- 
minations based only on the pressure increase are too low. They find the amount 
of nitrogen produced in experiments at various temperatures always exceeds that 
of the hydrocarbons. The excess is a maximum at about 200° C. Methane 
increases and ethane decreases at the higher temperatures. The amount of higher 

^ Ramsperger, H. C., /. Am. Chem. Soc,, 50, 123 (1928): for observation'? on azoisopropanc, sec 
Proc. Nat, Acad. ScL, 13, 849 (1927). 

189 Forbes, G. S., Heidt, L. J., and Sickman, D. V., /, Am. Chem, Soc., 57, 19 3 5 (193 5); see also 
Heidt, L. J., and Forbes, G. 1, Ibid., 2331. 

Patat, F., Naturwiss., 23, 801 (1935); Nachr. ffes. Wiss. GbtHngen, Math.-physik. Kla^se, Fachr 
gruppe //, 2, 77 (1936); Chem. Abs., 31, 6112 (1937). 

Burton, M., Davis, T. W., and Taylor, H. A , Am. Chem. Soc., 59, 1038, 1989 (1937). 
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hydrocarbons increases with the degree of decomposition and with lowering of 
temperature. No hydrogen and only a little unsaturated hydrocarbon are produced. 
Burton, Davis and Taylor doubt that the temperature coefficient is zero below 
226®C. They suggest the occurrence of a secondary association reaction between 
methyl radicals and (CH 3 N) 2 . When nitric oxide is present during photolysis, 
practically no alkane gas is produced.^®^ From analyses of the reaction under 
these conditions, it is concluded that the source of ethane and other alkanes in the 
ordinary photolysis is not the combination of free radicals, but the decomposition 
of the association product with azomethane. 

Diazo-Compounds, Diazomethane exhibits an absorption spectrum some- 
what resembling that of azomethane. It consists of a series of weak dififuse 
bands in the region 4710 to 4250A, followed by a continuum from 4250 to 3200A, 
and a second completely continuous region beginning at 2650A. The photochemical 
decomposition is unimolecular ; the main products are nitrogen, ethylene, ethane 
and a non-volatile liquid. The quantum yield is approximately four at 3650 and 
4360A. The primary process is the decomposition : CH 2 N 2 4* > CH 2 + N 2 . 

This is supported by the behavior of mixtures of the gas with hydrogen and with 
oxygen. 

Adamson and Kenner find that vinyldiazomethane, CH 2 *=CHCH==“N 2 . in 
O.S-per cent ether solution forms pyrazole by a monomolecular photochemical 
reaction. 

Ethyl diazoacetate, as such or in various solvents,^®® has an absorption curve 
similar to that of compounds containing a carbonyl group since both chromophores 
N=N and CO are said to have the same electron -term scheme. In the photolysis 
in heptane solution, the quantum yield rises from 0.20 for 4200A to 1.11 for 
2600A; the rate of increase is small at first, but becomes greater in the band of 
shorter wave-length. In ethanol, methanol and water, there is a similar rise, 
but compared with heptane the values are smaller in the longer ultraviolet and 
greater in the shorter. For a given wave-length, the quantum yield either rises 
or falls in the order : heptane, ethanol, methanol, water. Neither a ten-fold increase 
in concentration nor a rise in temperature from 5° to 40° C. affects the quantum 
yield, 

Goldfinger ^®^ measured manometrically photodecomposition by the full radia- 
tion of the mercury arc at various initial pressures from 0.04 to 297 mm. The 
relative velocity is greatest for the lowest pressure; the order of the reaction lies 
between zero and two. At low pressures, it is accelerated by argon. At higher 
pressures, it is retarded by nitrogen and by methane. 

Nitro- Compounds. Cbloropicrin is decomposed by violet or ultraviolet 
light, but the reaction soon stops because the nitrosyl chloride formed acts as an 
internal filter. 

CbCNOa -f hv > NOCl -f COCU“" 

According to Thompson and Purkis methyl nitrite yields on photolysis a 
solid containing paraformaldehyde and formic acid, with small amounts of carbon 

Davis, T. W., Jahn, F. P., and Burton, M., /. Am. Chem. Soc., «0, 10 (1938). 

Kirkbridc, F. W., and Norrisli, R. G. W., /. Chem. Soc,, 119 (1933). 

Adamson, D, W., and Kenner, J., /, Chem, Soc,, 286 (1935). 

*«WoU, E., Z. physik. Chem,, B17, 46 (1932). 

^Goldfinger, G., Compt, rend., 202, 1502 (1936). 

^Radulcscu, D., and Zamfirescu, G., Bui. soc. chim. Romania, 17, 87 (1935); Chem. Ahs., 36, 671; 
see also Piutti, A., Atti T Co^r. naz. Chim. pura a^licata, 437 (1923); 7. Chem, Soc., 120, 298 (1921); 
Pmtti, A., and Masza, F. P,, Gaz. chim. ttal., 57, 610 (1927); Alekscevskil, E. V., /. gen. Chem. 
(VS.S.R-), 2, 341 (1932). 
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monoxide and hydrogen, and 45 per cent each of nitrogen and nitrous oxide. In 
the case of ethyl nitrite, the volume .decrease is less and the fraction of non- 
condensible gases is larger. Aldehydes are present in a liquid residue. The 
residual gas has 38 per cent of nitrogen, 30 per cent of liitrous oxide, 18 per cent 
of carbon monoxide and 13 per cent of methane. 

In the wave-length range 2000 to 3000A, the primary process is believed 
to be in the case of nitro-compounds 

RCHaNOa + hp > ECHO + NOH 

This is followed by certain reactions of NOH and by oxidation of the aldehyde. 

It is assumed that light absorbed by the molecule clianges it to 

O 

OH 

/ 

the form RCH=N , and that this is followed by a rupture of the molecule. 



In the photolysis of tetramethylene nitrosochloride, the primary process, accord- 
ing to Hammick and Lister is the elimination of NOH, the resulting olefin 
undergoing further reactions. The quantum yield is approximately unity. If the 
carbon atom to which the NO group is attached is also linked to an atom other 
than carbon, a photooxidatioii occurs in the presence of oxygen with unit quantum 
efficiency. In the absence of oxygen, l-chloro-Lnitroso-cyclohexane undergoes a 
rapid photoreaction without the evolution of gas. Red light decomposes nitroso- 
isopropylacetone to H 2 N 0 O 2 and its decomposition products and mesityl oxide. 
^-nitroso-/i,c-dimethylhexane probably gives a ^,c-dimethylhexene.^^^ 

Milone finds ultraviolet irradiation to isonierize the a- and y-forms of cer- 
tain glyoximes, both in the solid state and in dilute alcohol, at 18^C., to the 
/^-forms. The isomerization is also promoted very slowly by sunlight, hut Wood 
light (365()A) is ineffective. Isomerization is more rapid in 30-40-per cent ethyl 
alcohol than in the solid state, as shown by the following data, which give the 
hours of exposure and the percentage of y3-compound formed in solution and in 
the solid .slate, respectively: a-phenylglyoxime, 23,44.8; 17,20.7 : a-/>-toly1glyoxime, 
22,28.8; 19,20.2; oc-methylphenylglyoxime, 21,30.3; 19,15; a-diphenylglyoxime, 
26,29; 20,15.9; y-diphenylglyoxime, 28,41; 19.22,4. In sunlight, behind glass, 
y-phenylglyoxime yielded only 0,93 per cent of the ^-compound after 16 months. 

After thirty minutes of exposure to ultraviolet rays, 0.10 gm. of nitroglycerin 
at 20 mm. gave 1.32 cc. of gas containing carbon dioxide, 24 per cent, carbon 
monoxide, 10.5 per cent, nitrogen, 17.5 per cent, nitrous oxide, 8.5 per cent and 
nitric oxide 39.5 per cent.^^’* Some nitric oxide was destroyed in attacking the 
mercury in the testing apparatus. The high percentage of nitric oxide explains 

Thompson, H. W., and Purkis, C. H., Tians. Faraday Sac., 32, 674, 1466 (1956); foj absorption 
data on nitrites and nitro-compounds, sec also Goodeve, C, F., Trans. Faraday Soc.^ 30, 504 (1934); 
Kuhn, W , and Lehmann, II. L,, Z. physik. Chem., 18B, 32 (1932) 

Hirschlaff, E. N., and I^orrish, R. G. W., /. Chem. Soc., 1580 (1936), see also Thompson, H. W., 
and Dainton, F. S., Trans. Faraday Soc., 33, 1546 (1937), for the decomjxjjjition of alkyl nitntes. 

Hammick, D. L,, and Lister, M. W., 7. Ckem. Soc., 489 <1937). 

Anderson, K. D., Grumpier, C. J., andi Hammick, D. L , 7. Chem. Soc., 1679 (1935). 

Milone, M., Cazp. chtm. ital.. 63, 744 (1933); Chem. Abs . 28, 2713 (1934). 
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its presence in the products of decomposition of smokeless powders containing^ 
nitroglycerin. ^ 

Berthelot and Gaudechon made this behavior the basis of a test for the 
stability of smokeless explosives. Samples were cut into cylinders weighing 0.25 
to 0,45 g., placed over mercury in a quartz tube, containing nitrogen or carbon 
dioxide, and exposed to the radiations from a quartz mercury lamp at a distance 
of 78 to 80 mm. for six hours. Powders consisting only of nitrated cellulose 
were thought to be more stable than those containing nitroglycerin. An English 
Cordite containing 30 per cent of the latter and 5 per cent of Vaseline, exposed 
in one cubic centimeter of carbon dioxide, gave a mixture composed of the follow- 
ing volumes of gases: CO 2 , 1 cc. ; CO, 0.17 cc. ; NO, 0.10 cc. ; N 2 O, 0.02 cc. ; 
N 2 , 0.10 cc. Results were also given for the French A and B powders and for 
Balistite of different ages and with stabilizers. 

Experiments were also made in oxidizing (oxygen), reducing (hydrogen) and 
inert (carbon dioxide, nitrogen) atmospheres.^®^ With oxygen, two-thirds of the 
free oxygen disappeared and added its oxidizing effect to that of the oxygen of the 
nitrocellulose. With hydrogen, about one-quarter disappeared, forming water and 
formaldehyde. With carbon dioxide, much depended on the temperature. At 25° to 
30°C. (70 to 80 mm. from the lamp) there was absorption, due no doubt to the sol- 
vents and stabilizers which are basic in their character; at 40° C. (50 mm. distance) 
no change in volume occurred; at 75° C. (20 mm. distance) there was disengagement 
of carbon dioxide from the powder and the final volume showed an increase. 
Nitrogen had no effect on the evolution of nitrogen or nitrous gases from the 
powder. 

Comparison^®® of two powders of the same age and make and stabilized by 
amyl alcohol and diphenylamine, respectively, showed that at 20 mm. (7S°C.) amyl 
alcohol is the more efficient, the latter powder giving off less gas, and the gas 
containing a very much lower percentage of nitric oxide than the former. At 
SO mm. (40°C.), on the other hand, diphenylamine is the more efficient stabilizer. 
Similar results were obtained with two naval powders, save that these evolved 
no nitrogen oxides. When the powders were treated with alkali (one gram with 
20 cc. of 0,5Af potassium hydroxide for 30 minutes at 15°C.), it was found that 
the diphenylamine powder showed less decomposition than that stabilized with 
amyl alcohol. A damaged naval powder, in which the brownish-yellow plates 
showed whitish stripes, was examined by the lamp. At both distances, the 
damaged part gave off more gas than the unaltered part, and this gas contained 
from 12 to 30 per cent of nitrogen oxide, while the gas from the unaltered part 
contained none. 

A piece of nitrocellulose (collodion) 15 by 51.6 mm., after two hours at 
20 mrn., gave 0.87 cc. of gas, the percentages of its constituents being CO 2 25.5, 
CO 10.5, NO 39, N 2 O 7, N 2 9.^®'’' Collodion, though less heavily nitrated than the 
French service smokeless powders, decomposed more readily and evolved a 
notable amount of nitric oxide. 

Holmes and Patrick ^*®*^ stated that celluloid, when exposed to ultraviolet light, 
becomes brown and brittle with liberation of gaseous products, and that it not 
only absorbed liquid but the gel itself is decomposed by the rays. More recently, 

Berthelot, D., and Gandechon, H., Compt. rend., 153, 1220 (1911). 

Berthelot, D., and (audechon, H., Compt. rend., 154, 514 (1912). 

Berthelot, B., and Gaudcchon, H., Compt. rend, 154, 201 (1912). 

Berthelot, D., and Gaudcchon, H., Compt. rend., 154, 201 (1912). 

Holmes, K. O., Jr,, and Patrick, W. A., J. Phys. Chem., 25, 25 (1922). 
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however, Client, Riviire and state that ultraviolet light does not 

exert a destructive effect on celluloids, or nitrocelluloses ; instead, it seems to effect 
a molecular polarization which renders them difficult of esterification. Nitrocellu- 
lose, loose or in the form of collodion, decreases considerably in viscosity and the 
alcohol solubility increases. This is true, however, of only high-viscosity nitro- 
cellulose. Samples with very low viscosities are unaffected by ultraviolet light. 
Traces of phenolic compounds produce intense yellow coloration with nitrocellulose 
products exposed to ultraviolet. The viscosity of acetone-soluble nitrocellulose 
also decreases on exposure but the degree of acetylation is unaffected. Films of 
cellulose acetate containing phenolic compounds become colored when irradiated. 
The irradiation of benzyl cellulose, in powder form, results in the formation of a 
high content of insoluble matter; irradiation of a benzyl cellulose solution does 
not decrease its viscosity. Other celluloses remain stable when irradiated; the 
viscosity of ethyl cellulose Celloidin is considerably reduced by irradiation. (See 
further Giapter 30.) 

Long exposure of mercury fulminate, Hg(ONC) 2 , to ultraviolet converts it to a 
black, more flammable but less explosive compound of equal mercury contelit.®^^ 

Sulfur Compounds 

Carbon disulfide in admixture with argon undergoes a partial decomposition 
when exposed to bright sunlight and the sides of the containing vessel become 
coated with a brown deposition when exposed to diffused light, it remains 
unaltered. Bruhat and Pauthenier 012 have observed the decomposition of carbon 
disulfide by ultraviolet rays. When this substance is exposed in quartz cells to 
the quartz mercury arc, a deposit of sulfur is formed on the walls. In order to 
fix the sulfur, the interior of the cells was coated with a thin film of silver, which 
is transparent to the ultraviolet. For a six-hour exposure, the long wave-length 
limit of decomposition was found to be at 3660A. 

Light catalyzes a reaction of mercaptan in contact with copper and with mer- 
cury in the presence of air.^^® When aqueous neutral solutions or alkaline solu- 
tions of sodium hydrosulphidc, ethyl mercaptan, thioglycollic acid, cysteine, etc., 
are exposed to the radiation of a strong mercury arc, hydrogen is produced with 
the simultaneous formation of the corresponding disulfide compound. The quan- 
tum efficiency with respect to hydrogen formation is always much less than one, 
indicating that reverse reactions occur. The primary process is probably a decom- 
position into RS and H, In aqueous solution, where a certain amount of the 
anion RS' is present the process may be RS'(HOH) — > RS4-H4-OH'. This 
is followed by the formation of hydrogen from hydrogen atoms and of RSSR from 
two RS. A splitting of the RSTI compound into RH and S may also occur as 
the primary process. 

Many sulfhydryl compounds react with fluorescent dyestuffs in the dark. 
Irradiation with light absorbed by the dyestuff accelerates this reaction.^^* 

Rathke showed that the photopolymerization product of thiophosgene is a 

Clement. L.. Rivi^irc, C., and Beck, A, Chimte et indtiKiHe, Special No. 702 (March, 1932); Chem, 
Abs., 26, 3662 (1932). 
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dimer. Schonberg- and Stephenson confirm this, but believe it to be 2, 2,4,4- 

S 

tetrachloro-l,3-dithiacyclobutaiie, CI 2 C < > C CI 2 rather than CICS 2 CCIS, and 

^C’ > 

that its condensation product with aniline is 4,4-dichlor-l,3-dithiacyclobtitane-2-one 
anil. It turns brown when illuminated a short time and is depolymerized to thio- 
phosgene in petroleum ether by the light of a quartz lamp. 

Lifschitz and Froentjes prepare the /?-form of ethyl-a-thiolactic acid plati- 
num, Pt(CH 3 CHSCoH 5 rOO) 2 , from the ct-form by exposure to the quartz mer- 
cury lamp, or better by exposure in aqueous solution to direct sunlight. 


Organometallic Compounds 

Lead tetramethyl and tetraphenyl decompose in ultraviolet light, which is 
absorbed continuously, into metallic lead and hydrocarbons. The former yields 
methyl radicals. For the vapor phase reaction, the quantum yield is 1.11, but in 
trimethylpentane, it is about 0.39, as determined by a method employing radio- 
active indicators. In the vapor phase reaction, oxygen breaks the chains.^^® The 
absorption spectrum of dimethyl zinc shows a continuum at approximately 2400A, 
that of diethyl zinc shows diffuse bands with an overlapping continuum at approxi- 
mately 2400A, and lead tetraethvl shows a quite sharp band in the region between 
2300 and 2700A.2io 

Mercury dimethyl, irradiated by the 2537A line, yields mercury, methane and 
ethane with a quantum yield of unity. Ethane constitutes 93 per cent of the hydro- 
carbons.^^® Methane is formed in amounts increasing at increasing temperatures. 
The primary process may yield mercury and ethane directly, although subsidiary 
processes may give free methyl radicals. At 462° K the quantum yield rises to 
2.21, chains being involved. At room temperature in the presence of nitric oxide, 
a white solid is formed, but the quantum yield for the disappearance of mercury 
dimethyl is still unity. Aerosols have been prepared by the photochemical 
decomposition of mercury dimethyl. 

Space does not permit the discussion of the interesting chemiluminescence of 
the Grignard compounds, nor of their photovoltaic effects .222 

Little work has been reported on the effects of irradiating such compounds. 
Gilman and Heck note that although either heat or ultraviolet irradiation trans- 
forms isobutyl bromide to tertiary butyl bromide reversibly, irradiation produces 
no effect on isobutyl magnesium bromide or tertiary butylmagnesium chloride. 

Muller, Frankenburger and Grassner^24 remove metal carbonyls from syn- 
thetic methanol or other liquids containing less than 10 per cent of iron or other 
metal carbonyl by exposure to ultraviolet rays, which also act on any aldehydes 
or ketones present. According to Reihlcn, Gruhl and von Hessling irradiation 
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Leighton, P. A., and Mortensen, R, A , Am. Chem. Soc., 58, 448 (1936). 

Thompson, H. W., /. Chem, Sgc., 790 (1934); Froc. Rgy Soc., 150A, 603 (1934); see also 
Thompson, H. W., and Frewmg, J. J., Nature, 135, 507 (1935). 

Linnett, J. W., and Thompson, H, W., Trans. Faraday Soc.. 33, 501, 874 (1937); see also 
•Prilcahacva, N, and Terenin, A., Ih%d., 31, 1483 (1935); Acta Phystcochim U.R.S S , 1, 759 (1934); 
Chem. Abs., 29, 7798 (1935); Cunningham, J. P., and Taylor, H. S , Chem. Phys., 6, 359 (1938). 

Harms, J., and Jander, G., Kolloid-Z., 77, 267 (1936). 

«*DufTord, R. T., J. Phys. Chem,, 35, 988 (1931); 37, 709 (1933). 

«» Gilman, H., and Heck, L. L., Bull. soc. chim., 45, 1095 (1929). 

*** Miifler, C,, Frankenburger, W., and Graasner, F., U. S. P, 1,679,256, July 31, 1928, to I. G 
Farbenind. A.-G.; Chem. Abs., 28, 3669 (1928) 

®®Rcihlen, H., Gruhl, A., and von Hessling, G., Annalen, 472, 268 (1929); Brit Chem. Abs., 1929A, 
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of a mixture of ethyl mercaptan and an excess of iron pentacarbonyl greatly 
accelerates the reaction by which are formed hydrogen, carboy monoxide and 
i>u-ironmercaptotricarbonyl : ^ 

2 Fe(CO)5 4- 2CMSH —4 4CO + H, -f Fei(SC:»H»)»(CaO«)a 

A secondary reaction also occurs in which there is probably a slow decomposition 
of the i! 7 tVironmercaptotricarbonyl to iron mercaptide. 

With a mixture of equal volumes of the reactants at 3^ to 5®C., the ratio of 
hydrogen to carbon monoxide evolved is 1 :9.2. This is due to the reaction yield- 
ing instead of 4 molecules of carbon monoxide and one of hydrogen, three of 
carbon monoxide and one of formaldehyde, which is polymerized during the 
irradiation. In both of these cases, the primary reaction seems to be the loss of 
one molecule of carbon monoxide from two molecules of iron pentacarbonyl with 
the formation of Fe 2 (CO) 9 , which then reacts with two molecules of the mercaptan 
to yield the 6 u-ironmercaptotricarbonyl and H 2 C 8 O 3 . This latter product then 
breaks down to yield three molecules of carbon monoxide and one of hydrogen at 
the higher temperatures, or two molecules of carbon monoxide and formaldehyde 
at low temperatures. 

When a mixture of one volume of iron pentacarbonyl and five of acetylacetone 
is irradiated at about 30° until evolution of gas ceases, the products formed are 
hydrogen, carbon monoxide, ferric acetylacetone and a substance which is prob- 
ably an impure peroxide of ferrous acetylacetone. From 20 to 25 per cent of the 
carbonyl is unchanged. Nickel carbonyl and acetyl chloride react at 50° to 55 °C., 
but the reaction is not affected by irradiation. 

The decomposition of iron pentacarbonyl in toluene and alcohol may be sensi- 
tized by pinacyanol to wave-lengths longer than 6400A.220 

'^Fcdo\o\\ F. r., and Talmud, D. L., J, Phys. Chem, (USS.R.), 8, 789 (1936); Chem, Abs„ 31 . 
1702 (1937). 



Chapter 25 
Aromatic Compounds 

Bertlielot and Gaudechon ^ called attention to the stability of a number of 
typical aromatic compounds toward ultraviolet radiations. This is in general 
agreement with the stability of the aromatic nucleus toward heat and chemical 
reagents, A similar stability has also been noted in other cyclic compounds, such 
as pyrrole, furfural, pyridine and a few alkaloids. In substituents which may be 
present, however, may occur any of the types of photochemical change encoun^ 
tered in these substances when unattached to the benzene ring. When the double 
linkings in the ring have been saturated, as in hexahydrobenzene and piperidine, 
ultraviolet irradiation may cause decomposition. Cyclopropane, which does not 
absorb wave-lengths longer than 2000A, undergoes a mercury-sensitized photo- 
polymerization under the influence of the 2537A line to a colorless oil of high 
boiling point.2 

Hydrocarbons 

Berthelot^ found that benzene remains unaltered when exposed to bright sun- 
light for several months in sealed tubes containing hydrogen or argon, although 
it combined with oxygen, yielding resinous products, if placed over mercury, 
A brown sediment, derived from the thiophene present in the benzene, formed at 
the junction of the liquids.^ 

Benzene vapor exhibits a complex absorption spectrum, analyses of which have 
been given by Henri. The absorption of light produces only excited states, and 
most is rcemitted as fluorescence. From the fluorescence spectrum, Almasy® has 
drawn certain conclusions as to a predissociation of the molecule. Actually, how- 
ever, little decomposition can be effected below about 600^ C. by irradiation. With 
increasing temperatures, the fine structure of at least four of the bands of the 
benzene vapor spectrum successively disappears, and underlying continuous absorp- 
tion increases. Henri and Cartwright suggested that incompletely separated 
molecules of CgHs are formed by an excessive folding of the benzene ring, but 
that these recombine on cooling. This was proposed in an attempt to account for 
the predissociation spectra observed at higher temperatures. 

In hexane, benzene exhibits a series of about seven relatively broad baiids.'*^ 
Kwieninski and Marchlewski ® locate the maxima of six bands at 2648, 2608, 2546, 

' Bcrtlidot, D., and Gaudechon, H., Compt. rend., 152, 376 (1911). 

» Harris, L., Ashdown, A. A., and Armstrong, R. T., /, Am. Chem. Soc., 58, 852 (1936). 

« Berthclot, D., Ann. Chtm. Phys., 19, 150 (1900). 

Soc. Chem. Ind., 47, 727 (1928); Report of Joint Research Committee of the National Benzol 
Association, and the University of Leeds, 237 (1928). 

» Henri, V., /. phys. Radium, 181 (1922); Henri, V., and Cartwnght, C. H,, Compt. rend., 200, 
1532 (1935); Kistiakowsky, G. B., and Solomon, A. K., J. Chem, Phys., 5, 609 (1937). 

•Almasy, F., Naturwiss., 20, 296 (1932); Almasy, F., and Shapiro, C. V., Z. phystk. Chem, 25B, 
391 (1934); Kistiakowsky, G. B., and Neiles, M., Phys. Rev., 41, 595 (1932). 

Klingstedt, F. W.j Compt. rend., 175, 1065 (1922); see also OrndorflF, W. R., Gibbs, R. (' , 
McNulty, S. A., and Shapiro, C. V., /. Am. Chem. Soc., 50, 831 (1928); Shapiro, C. V.. and Gibbs, 
R, C., Phys. Rev., 31. 310 (1928). 

4 Kwieninski, L., and Marchlewski, L., Bull. Acad. Polonaise, A, 25S (1929); Chem. Ahs., 34, 783 
(193®). 
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2490, 2433 and 2390A. The spectrum is of importance because it frequently 
appears in the absorption spectra of other not especially purified compounds 
of which benzene is a contaminant As such, it has been, erroneously reported as 
the absorption spectrum of substances, such as ether, contaminated by it. Indeed^ 
the presence of small amounts of benzene vapor in the atmosphere can be detected 
and the benzene determined by drawing the air through alcohol and then taking 
the absorption spectrum. As little as 0.1 mg. per liter of air can be determined 
with an accuracy of about 5 per cent (in the absence of homologs) in a one liter 
sample.® 

The absorption of the homologs of benzene has also been extensively studied.'^ 
In general, the addition of alkyl groups into benzene leads to a fusion, more or 
less complete, of the benzene bands. 

Kailan compared the action of radium and of ultraviolet rays upon toluene. 
The former changed less than 0.25 per cent of a sample of toluene exposed for two 
years. The products formed included benzaldehyde, benzoic acid, and apparently, 
formic acid. The principal product consisted, not of benzoic acid, but of a yellow, 
viscous mass composed presumably of hydrocarbons and of condemnation products 
of benzaldehyde. Changes of a similar nature and order of magnitude were said 
to have been produced by 22 hours of exposure to the radiation from a quartz 
mercury lamp at a distance of 8 to 9 centimeters. In the presence of water, the 
action was slightly increased and some oxalic acid was also formed. 

The fact that the most easily isolable products of the autoxidation in light of ben- 
zene homologs are carl)oxy-acids was attributed by Suida to the relative stability 
of intermediate products. He believed that, with the quartz lamp as source, the 
velocity of the first stage of the oxidation could be approximately measured by the 
amount of peroxide formation, estimated by the liberation of iodine from acidified 
potassium iodide. The amount of carboxylic acid formed could not, however, be 
entirely due to the decomposition of peroxide. More recent workers have con- 
tributed to this work, but an understanding of the mechanism of the process 
is not complete. 

The oxidation of xylene occurs more than twice as rapidly as that of toluene, 
para-xylene oxidizing more rapidly than the ortho isomer. The process is accel- 
erated by the addition of small quantities of nitrobenzene, or of one of the nitro- 
toluenes. 

According to Sudborough, Watson and Narayanan it was claimed by Eckert 
that 40 per cent yields of benzoic acid could be obtained in six weeks from toluene 
by atmospheric oxidation in sunlight in the presence of anthraquinone. In a 
repetition and extension of these experiments, Sudborough and co-workers used 
200-cc. quartz flasks containing 50 grn. of toluene and 5 gm. of anthraquinone. 
The flasks were filled with oxygen and connected with a reservoir of that gas. 


® Laurian, P,, 14me Congr. rhtm. %nd, Paris, Oct. 1934, 6 pp ; Chetn, Abs., 29, 6173 (1935). For 
data on the absorption of solid benzene, see 'Pringsheim, P., Physik. Z,, 27, 856 (1926). Kronen- 
berger, A , and Pnngsheim, P., Z. Phystk, 40, 75 (1926). For the Schumann region, sec Price, W. C., 
and Wood, R. W., /. Chem Physics, 3, 439 (1935). 

Pestemer, M., and Giibitz, O., Monatsh., 64, 426 (1934); Henri, V., and Walter E., Combi, 
rend,, 176, 746 (1923); Conrad-Billroth, H., Z. physik, Chem., B29, 170 (1935); Wolf, K. L., and 
Herold. W„ Z. physik. Chrm., B13, 210 (1931); B21, 389 (1933); Radulescu, D, and Dragulescu, C., 
Physik. Z., 36, 66 (1935). Aubert, M,, and Ghcorghiu, T., Ann. combustibles liqmdes, 8, 451 (1933); 
Chem, Abt., 29, 2448 (1935). Ramart-Lucas, Mmc., and Amagat, P., Compt. rend., 188, 638 (1929); 
Bull, soc, chim., 51, 108 (1932); Horio, M., J. Soc. Chem. Ind. Japan, 37, 135 (10 34), 

Kailan, A., Monatsh,, 40, 445 (1920); J. Chem. Soc,, 118, i, 538 (1920). 

« Saida, H., Monatsh,, 33, 1255 (1912). 


SudWough. J. J., Watson, H. E.. and Narayanan, B., J. Indian Inst. Set., 8A, 1 (1925); British 
P. 182,487; /. Soc. Chem. Ind,, 782 (B,1925); John. H.. Ber., 58B, 1563 (19^5). 
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They were rocked at such a rate that the liquid was continuously splashed ovei 
the upper part of the interior surface exposed to the light. The temperature was 
63-6° C when the source was a mercury arc and 29-50° C* when sunlight was 
employed. The amount of acid determined by titration always exceeded that which 
could be isolated as benzoic acid, probably because of the formation of some formic 
acid. The amount of acid formed was roughly proportional to the time of expo* 
sure and was markedly dependent upon the amount of water present. The yielc 
of acid in sunlight ranged from 0.76 per cent with 2.5 gm. water and 2.03 per cent 
with 25 gm. of water after 60 hours to 6.60 and 17.3 per cent, respectively, after 
400 hours. In ultraviolet light, the values were: after 200 hours, 4.7 per cent 
with 2.5 gm. water and 15.7 per cent with 25 gm. water and, after 600 hours 
16.3 and 34.7 per cent. The addition of nitrobenzene as catalyst had practicall> 
no effect. The presence of oxygen was essential. Meta-xylene and mesitylene 
showed no marked oxidation after 200 hours of ultraviolet treatment. It was found 
by Castiglioni that one and a half times as much benzoic acid was formed in a 
given time when Uviol flasks were used as when ordinary glass flasks were 
employed. 

The discrepancy between the reports regarding the effect of nitrobenzene may 
have been due to a slow photoreaction between toluene and nitrobenzene which 
occurs even under nitrogen and in the absence of anthraquinone. Vecchiotti and 
Zanetti find that a large quantity of nitrobenzene (100 gm.) and 20 gm. oi 
toluene give, after six months in sunlight, 20 gm. of benzoic acid and y>-amino- 
phenol. This indicates that the side-chain of the toluene is oxidized and that the 
nitrobenzene is reduced to aminophenol. This reaction had been observed pre- 
viously by Ciamician and Silber,^^ 

Subsequent observations of the anthraquinonc-sensitized oxidation of toluene by 
Kothari and Watson indicated the rate to be greatest in the presence of 1 per 
cent of catalyst. The rate is initially slow, but gradually speeds up and eventually 
becomes constant. They believed the fraction of toluene oxidized, 8.3 to 9.8 per 
cent, to be larger in proportion to time when the sun was the source than when the 
mercury arc was employed. Uranium salts had irregular effects as catalysts.^** 

Xylene mixed with an aromatic nitro-hydrocarbon is reported to contain more 
active oxygen after exposure to light and oxygen than pure xylene exposed tc 
light and oxygen, but Suida^^ found that the presence of a nitro- compound 
reduced the total yield of oxidation product, although considerable quantities of 
toluic aldehyde were present. Thus in the presence of a nitro-hydrocarbon the 
less stable products of oxidation (aldehydes and peroxides) remained, while the 
pure chemical reaction (the decomposition of these primary products to the next 
higher and more stable stage of oxidation) was delayed. It was possible by cool- 
ing in carbon dioxide and ether to bring almost to a standstill the decomposition 
of the benzene hydroperoxide (formed from bcnzaldehyde by the action of ultra- 
violet). The product of the primary autoxidation process could not be isolated, 
as it decomposed into benzoic acid within a few minutes after removing it from 

Castiglioni, A., Casrz. chvm. ital., 818 (1933); Brit Chrm. Ahv , A, 264 (’1934); sec, however, 
John, H., Ber., 58B, 1563 (1925); Chem. Ahf., 20, 337 (1926). 

Vecchiotti, L,, and Zanetti, G., chim. iteU., 60, 479 (1930): Chem. Abs., 25, 251 (1931). 

Ciamician, G., and Silber, P., GaJSff. chtm. %tcU., 33, 354 (1903); 36, 174, 176, 190, 197 (1906). 

Kothari, C. J., and Watson, H. E., J. Indian Inst. Sc%., A14, 11 (1931); Chem. Abs., 26, 378 
(1932). 

i»Sec also Nozicka, F„ U. S. P 1,945,067, Jan. 30, 1934; Chem. Abs., 28, 22 7 3 (1934); German 
Patent 624,964; Chem. Abs., 30, 4870 (1936): and Krcidl, I., U S. P. 1,971,042, Aug. 21. 1934. for 
other catalysts related to anthracene or anthraquinone. 

'«>Suida, H., Bcr., 47, 467 (1914); Monatsh. Chem., 33, 1268 (1912). 
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the cooling mixture. Little is known as yet regarding the mechanisms of these 
oxidations. 

Plotnikow®^ notes that sunlight acts on solutions of potassium dichroraat© con- 
taining various organic compounds. Triphenylmethane is unaltered and benzene 
remains almost unchanged even in the presence of ferric chloride, but toluene yields a 
variety of products. Phenol forms benzoquinone and a mixture of polyhydric phenols. 
Ortho- and meta-xylenes yield tolualdehydes and acids, and some formic acid is formed 
from ^-xylene, Quinol forms primarily benzoquinone, but phthalic acid also has been 
isolated from the reaction products. Resorcinol and pyrocatechol yield trihydric phenols, 
benzotjuinone and similar compounds. A solution containing o-cresol decomposes with 
evolution of carbon dioxide and separates into two layers, of which the lower contains 
unchanged cresol, chromic hydroxide, and a tarry substance, and the upper, benzoic and 
oxalic acids. Naphthalene and a-naphthol are unchanged after ten months of irradiation. 
Some aniline dyes give fluorescent solutions. Aniline is converted rapidly into aniline 
black, and />-aminophenol into benzoquinone and ammonia. Results with pseudocumene 
indicate that the possibility of terpene formation is dependent on a symmetrical molecular 
structure. Dihydroxyanthraquinone breaks down into benzoquinone and carbon dioxide. 
Mixtures of isopulegol and ammonium dichromate in various proportions yield on 
irradiation in aqueous or alcohol solutions only about 1 per cent of isopulegone, whereas 
isoeugenol undergoes extensive oxidation. 

Substitution Products of Benzene. Although the absorption spectra of the 
various halogen substitution products of benzene and its homologs have been 
recorded and in some cases analyzed, little is known regarding their photo- 
chemical decompositions or reactions. 

Without catalysts, />-bromobenzenesulfonate undergoes no decomposition in 
darkness and less than 2 per cent in light.^^ In the presence of charcoal, 0.65 to 
0.95 per cent decomposition occurred in darkness and 2.28 to 3.21 per cent in the 
light of a carbon arc. The corresponding values in the presence of copper were 
3 78-5.26 and 5.83-7.79 per cent. In the presence of both copper and charcoal, the 
x^alues wTre 10.71 to 23.70 per cent decomposed in darkness and 14.29 to 26.28 per 
cent in light. 


l^HOTOCHEMICAL NITRATIONS AND NiTRO- COMPOUNDS 

In the photochemical reaction in sunlight between benzene and a mixture of 
nitric and sulfuric acids, Sollazzo finds that there are successively formed nitro- 
benzene, nitrosobenzenc-, azoxybenzene and finally the salts of azoxybenzenesulfonic 
acid. 

Bass and Johnson allowed nitrogen peroxide to react with benzene for three 
months in sealed tubes both in darkness and in sunlight. The only nitration 
products identified were the mono- and di-nitroderivatives, formed in very small 
yield. Anhydrous nitrogen peroxide gas was passed over 50 gtn. of dry toluene 
in a water-cooled quartz tube exposed to a quartz mercury arc for six hours. In 
addition to 2.5 gm. of benzoic acid and 32.0 gni. of toluene, there was obtained 
13.0 gm. of an unstable low-boiling (40-80°C.) liquid wdiich showed no definite 
boiling point, but decomposed into toluene and nitrogen peroxide. They believed 
the nitrogen peroxide to act solely as an oxidizing agent, practically no nitration 
taking place, 

sipiotnikow, J., Chem Ztg., 52, 669 (1928); Chem. Abs., 22, 4380 (1928). 

^ Errpra, T., and Henri, V., /. Phvi Radium. 9, 205, 249 (1928); Conrad-Billrolh, H., Z. physik. 
Chem,, B19, H (1932); B25, 139, 2 1 7’ (1934); Klmgstedt, F. W., Z, physik Chem., 20B, 125 (1933). 

Sandonnini, C., AtH /?. Accad. Lincei, 2, 427 (1925); Chem Abs., 20, 1018 (1926). 

Sollazzo, G., Officina, 4, 268 (1931); Chem, Abs., 26, 1862 (1932). 

^'Bass, U. W., and Johnson, T. B., J. Am. Chem. Soc., 46, 456 (1924). 
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More rec<5ntly, however, it was found*® that when 40 gm, of toluene were 
passed in vapor form with 180 to 200 gm. of nitrogen peroxide and 45 to SO liters 
of carbon dioxide at 14® to 15®C. during two hours before or through a jacketed 
quartz mercury-vapor lamp, 55 per cent of the toluene reacted, giving about 5 gm. 
of the side-chain nitration product, and 27-28 gm. of a mixture of mononitro- 
toluenes. No dinitrotoluene and no benzoic acid were produced. Raising the 
temperature to 58-60® C, did not affect the side-chain nitration, but lowered the 
yield of the nitrotoluenes to 15 gm. In the absence of radiation, less toluene 
reacted, but the relative amounts of side-chain and nuclear substitution were but 
little affected. The nitration of benzene was but little affected by irradiation. 
Titov and Baryshnikova*'^ obtained rather similar results under conditions, such as 
low concentration and illumination, which favored the dissociation of the N2O4. 
They did observe a considerable amount of disubstitution in the side chain, as well 
as some benzaldehyde and benzoic acid formation. These products were secured 
in the absence of illumination. In sunlight or the light of the mercury arc, all 
the reactions were accelerated except that the ring substitution was reduced 
approximately 4 to 9 per cent 

Irradiation has little effect on the nitration of benzene, w-hexane or cyclo- 
hexane. In general, it is helpful only when the completely symmetrical structure 
of the benzene molecule is disturbed by the presence of a side-chain.*** 

To obtain information regarding the photochemical action of nitrobenzene on 
various organic compounds, a field already investigated by Ciamician and Silber,*** 
Vecchiotti and Zanetti exposed it in an atmosphere of nitrogen to sunlight for six 
months in contact with the substance to be tested. In the reaction with cinnamic 
acid, the products obtained included benzoic acid, carbon dioxide, benzanilide, 
azoxybenzene and hydroxy azobenzene. It was assumed that the double bond of the 
cinnamic acid was ruptured, with the formation of benzaldehyde and OHCCOOH, 
these products being oxidized to benzoic and oxalic acids. On further oxidation, 
cinnamic acid yields carbon dioxide. The nitrobenzene is reduced to nitrosoben- 
zene. The formation of the remaining three compounds is accounted for by refer- 
ence to the explanation given by Ciamician and Silber for the action of nitro- 
benzene on benzaldehyde, Benzanilide may be formed from benzaldehyde by either 
of the reactions: 

GH5NO2 + aGHsCHO > GHsNHCOGH# + 2 GH«COOH. 

GH«NO + 2GH5CHO ^ GH^NHCOGHs + GH5COOH. 

Azoxybenzene may be formed by 

2GH0NO -f GHXHO > GHeNC : O) : NGIL + C^HbCOOH. 

or by analogy with the Bamberger reaction of nitrosobenzene and CcjH-^HNOH 
by 

GH5NO 4 C«H 5 (HO)NCOGHn > : O) : NC«H, + GH5COOH. 

Schoriarin, P., and Toptschiev, A., Ber., 67, 1362 (1934); J. Gen. Chem, Russ, 5, 549 (1935), 

BnU Chem. Abs., A, 61 (1936). 

Titov, A. I., and Baryshnikova, A. N., /. Gen, Chem, US.S,R., 6, 1801 (1936); Chem. Abs., 31, 
4285 (1937). 

*8 Schorigrin, P., and Toptschiev, A., he, cit., for attempts at substitution of hydrocarbons by KOCl 
during irradiation, see Perrot, R., Compt. rend., 198, 1424 (1934), 

» Ciamician, G., and Silber, P.. Gaxsr, chtm Mai,, 33, 354 (1903); 36, 174, 176, 190, 397 (1906) 

Vecchiotti, L-, and Zanetti, G., Gaza. chtm. ital., 60 , 479 (1930); Chem. Abs., 25, 251 (1931). 

“Ciamician, G., and Silber, P., Compt, rend At ad. Lincei, 14, 265 (1905). 
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The last of the three compounds may be formed from QH 5 N( :0) :NC^Hu by 
transposition.^^ 

GH«*N = N-GH. > GH«N - N-GH*OH 

II 

O 

or by 

GH»NO + GH4(0H)NH*C0GH5 > HO*GH*N = NGH« + GHsCOOH 

Even in darkness, cinnamic acid and nitrobenzene gave benzoic acid and azoxy^ 
benzene. 

In the photochemical reaction of nitrobenzene and naphthalene, a trace of 
/^-naphthol was the only product identified. 

On exposure to sunlight, Sollazzo found a mixture of ethanol, ammonium 
hydroxide and ;w-dinitrobenzene to become red-yellow. In the case of amyl alcohol, 
the color was cherry-red; it was permanent in darkness. 

Illumination of l-styryl“3-bromostyryl-4, 6-dinitrobenzene gives 2-phenyi-S- 
styryl~6-nitroisatogen.^^ 

Molinari and Giua are said to have observed 2,4,6-trinitrotoluene to turn 
slowly brown on the surface when exposed to bright daylight. The melting point 
dropped from 80^^ to 74° in three months. Custis found that a more rapid 
reaction occurs when the material was exposed to an iron arc, but a mercury arc 
did not prove effective. Schultz and Ganguly attribute the red coloration 
observed after the prolonged action of light on 2,4,6-trinitrotoluene in the presence 
of oxygen, hydrogen, nitrogen or in vacuo, to the production of two tautomeric 
quinonoximes, C 7 H 50 (jN 3 , of melting points above 280° C. They can be separated 
by their differing solubilities in cold acetone. I£ach dyes wool red. They are 
considered to be 2-nitro-6-nitroso 5 -hydroxy methyl-/' benzoquinone-4-oxime and 
2-nitro-4-iiitroso-5-hydroxymethyl-o-benzoquinonc-2-oxime. The course may involve 
the migration of an oxygen atom from a nitro- group to the methyl group, as in 


H, H 

\ / 

C 

N\h 


O.N 


OH 


OjN^^NO 

NO, 


In acetone solution, the process may stop here, the product melting at 108-1 11 °C. 
In the case of the solid, a repetition of the process yields the unstable 4-nitro-2,6- 
dinitrosodihydroxymethylbenzene. One hydroxyl migrates to the nucleus, and 
then passes its hydrogen to one or the oilier nitroso- group, forming the <?- and 
/j-oximes. The assumption that only the nitro- groups in the 2 and 6 positions 
are reduced is supported by the observation that 2,6 dinitrotoluene is converted by 
exposure to light into a yellow substance, probably 2,6-dinitroso-4-hydroxybenzyI 

Knipscheer, H. M., Rec* trav. chim., 22, 14 (1903). 
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alcohol, althotJgh ^-nitrotoluene ih completely unchanged. The presence of a 
nitro- group in tlie para position appeared to retard the change, since 2,4-dinitro- 
toluene is almost stable to light. 2,4,6- Tr ini trobenzyl alcohol in benzene and 2,4,6- 
trinitrobenzyl bromide, as a solid or in benzene, are also sensitive to light. 

It was believed by Krauz and Turek *** that exposure of trinitrotoluene in thin layers 
to sunlight increased its sensitiveness to shock. Ihis was attributed to a decomposition 
leading to the formation of both picric axid trinitrobenzoic acids. Metals or metal oxides 
were supposed to hasten this change, which occurred to a sufficient extent to change the 
melting point in four months from 81.4” to 73.5” C. These results have been critically 
examined by Wichart and Donat '*" and by Lodati,^” who find the technical products com- 
pletely stable in contact with metals. The latter worker states, however, that in diffused 
light, tlie compound formed some nitrous vapors in three months 

According to Sachs and Hilpert,^- the nitrobenzylidene group should be light- 
sensitive. This was confirmed by 1. and H. Tanasescu^^ in studies of the action 
of sunlight on o-nitrobenzylideneglycol, Q*rH2*CHo-0*(^ TI*QH4NQ2, which yielded 
a white crystalline isomer o-NO-QH4*( ^( OHj’O-ClU^CHoQ , melting at 128®C. 
to a green liquid which readily hydrolyzed on boiling with acid or base to form 
glycol and o-nitrosobenzoic acid. A similar migration of oxygen from a nitro- 
group to form an alcohol group (mentioned by Schultz and Ganguly in the case 
of trinitrotoluene) was observed in di-6»-nitrol)enzylidencerythritol. A similar 
type of behavior is also encountered in the case of ^^-nitrobenzaldehyde, Tanasescu 
and Macovski have extended this work to include the clianges in 1,2,5,6-di-c?- 
nitrobenzylidenedulcitol which gives a resin, possibly by partial isomerization and 
/?-nitrobenzylidene-3-benzoylglycerol. Inchak^d are also the f^-nilrobenzylidene- 
acetals of a number of other glucides, such as mannitol and sorbitol. The struc- 
ture of the photochemical isomerization products was not defimtely established, 
these authors believing an open-chain formula of the type 0-ROCH2Cll20COC(r 
H4NO the most adecjuate. Recently, the corresponding compounds of galactose, 
a-methyl-galactose, mannose, rhamnose, fructose, lactose and sticrose have been 
found to give isomerizations when irradiated in chloroform and benzene solutions.*^'"* 

Benzaldehyde 

Although benzaldehyde is thermally decomposed only at temperatures of 400° C. 
and higher, wave-lengths shorter than 2600A (more accurately 2438A) produce 
a photolysis at room temperature, according to de llemptiiiric.^^ He believed the 
primary products to be carbon monoxide, a phenyl radical and a hydrogen atom, 
the latter combining to produce benzene. The energy necevSsary for this was cal- 

Kiauz, C, and Tutek, O,, Z. ges. Schiess-u. Sprengstoffw , 20, 49 (1925); Chem Abs , 19, 2747 
(1925); Ckc^m. Age (London). 13, 392 (1925); Chem. Abs., 20, 824 (192 6) 

30 Wichart and Donat, Z. gei,. Scht(Si~n. Sprcngsloffw., 20, 69 (1925) 

^oLodati, O., Ciotn. Chim Ind. AppL, 7, 572 (1925); Chem, Abs., 20, 3815 0926); but see also, 
Sucharevskii, M., Z. gcs. Schtess-’U. Spiengstoffw., 20, 40 (1927); Chem, Abs, 21, 3462 (1927) 

For spectiographtc studies of this reaction, sec also Pavlik, M , Chimie et Industrie, Special 
No,, 245 (June, 1933) 

‘“Sachs, F., and IJilpeit, b, Bir , 37, (1904). 

Titnasescu, I., and TSnrisescu, H , liiil, soc siiinte Cluj, 2, 369 (3 925), ( hem. Abs , 20, 749 (1926). 

« Tanasescu, 1., and Macovski, E., Bull. soc. chtm., 53, 109 7 (193 3); Chem. Abs, 28, 3330 (1934), 
Bull. SOI, chim , 51, 1371 (3932); Chem. Abs,, 27, 1874 (1933), Bna. soc. clnm . 51, 1556 (1932). 
Chem. Abs., 21. 2142 (1933), Bull, soc chtm, 45, 1022 (1929); Chem Abs,, 24, 2118 (1930); Bull, 
soc. chtm., 47, 86 (1930), Chem Abs, 24, 2429 (1930); Bull, soc chtm., 47, 457 (1930); Chem. Abs, 
24, 4270 (1930). 

^ TinSsecu, I., and Craciimescu, K,, Bull soc. ilnm , 3, 581 (1936); Tanasescu, I,, and Jonescu, 
M.. Bull, soc, chtm., 3, 1517 ( 1936). 

‘«de Ilemptmne, M-, C cmipt rend., 186, 1295 (1928); Ann. Soc, Set. Brujiclles, 48B, 98 (1928), 
Mrit. Chem. Abs, A, 409 (1929); 7. Phys. Radxum, 9, 357 (1928). 
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culated to be 115.7 kcal., corresponding to 2461 A, at which the “total’* absorption 
band of the benzaldehyde spectrum begins. 

The absorption spectrum has been studied recently by Almasy who found 
three broad regions. From 3747 to 3 163 A, there were 159 measurable bands in 
the vapor; between 2963 and 2599 A there were 51. At 2428 to 2349, there were 
six bands followed by continuous absorption. As the temperature is raised, the 
character of the spectrum is altered, the narrow bands fusing into broader ones 
indicating the occurrence of predissociation at longer wave-lengths, the higher 
the temperature. At 208° C the fine bands present at lower temperatures between 
2966 and 1610A are continuous and radiations in this range produce photolysis. 
At 270° C radiations shorter than 3200 A produce dissociation. 

On exposure to ultraviolet rays, hexahydrobenzaldehyde yields carbon mon- 
oxide, cyclohexane and the dimer. Phcnylacetaldehyde does not evolve carbon 
monoxide, but is partly converted into a yellow oil and a brownish-red, viscous 
residue. Hydrocinnamaldeliydc also is said to be practically unaffected by ultra- 
violet light. Hexahydrophenylacetaldehyde yielded a gas containing 88 per cent 
of carhon monoxide, hexahydrotoluene, and small quantities of polymerized prod- 
ucts.*^^ Hexahydro-^-phcnylpropaldehydo, after ten hours’ exposure to ultraviolet, 
gave carbon monoxide more slowly and in smaller quantity and highly polymerized 
products from vhich only a trimer of the original aldehyde, but no hexahydro- 
ethylbenzene. could be isolated. 

Oxidation of Bcn::aldeliydc It was early claimed that the autoxidation of 
either benzaldehyde or of pmene under the influence of rays from a Uviol lamp 
increased the electrical conductivity of oxygen. It had been found by Jorissen and 
Ringer that when a mixture of one mole of benzaldehyde and two of acetic 
anhydride is exposed to the diffused light of an arc or a magnesium flame in an 
atmosphere of oxygen in a closed vessel, benzoylacelal peroxide could be obtained. 

.Suida passed a current of oxygen through a solution of benzaldehyde in 
petroleum ether (cooled with ice), while irradiating it by a JTeraeus quartz lamp 
at a distance of two centimeters. After .six hours a considerable amount of benzoic 
acid and small quantities of a peia)xide were found, which could not be readily 
isolated When the vessel was cooled by means of solid carbon dioxide and ether, 
the formation of the peroxide was much increased and a white deposit with strong 
oxidizing properties and a pungent odor was obtained. 

By a combination of iodometrir and acidimetric titrations during the reaction. 
Riickstrom found that perbenzoic acid is the product of the photochemical 
reaction. The quantum efficiency is high, of the order of 10,000. The reaction can 
be inhibited. The jjcrbenzoic acid subsequently reacts with benzaldeh 3 xle, forming 
benzoic acid by a pseudo-unirnolecular thermal reaction, which shows little or no 
negative cfitalysis. This reaction is accelerated by light, but the quantum yield is 
less than 0.5 per cent of that of the reaction by which the perbenzoic acid is 
formed. The quantum yield for the total reaction, measured by the oxygen uptake, 
decreases during the progress of the reaction. 

*7 Almasy, F., J. chim. phys„ 30, 528. 713 (1933). 

Franke, A., and Sigmund, F., Monatsh , 40, 61 (1925); cf also Wallach, O, and Isaac, E., 
Aimalcn, 347, 331 (1906). 

'*** Sigmund, F., Monafsh., 52, 18.5 (1929). 

wjonsscti, W. P., and VollgrafF, J. A., Ckcm. Weekblad, 12, 93 (1915); /. Chem Sor., 108 (ii), 
80 (1915). 

Jorissen, W. P., and Ringer, W. E., Chem. tVeekblad, 2, 19; Chem 7nitr , 76, 817 (1905). 

Suida. H., Ber, 47, 471 (1914). 

^Backstrom, H., Med K. Vetenskapsakad. Nohehnst , 6, Nos 15 and 16 (1927); Ba<;kstrdm, H., 
and Beatty, H. A., J. Phys. Chem., 35, 2530 (1931). 
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According: to Kothari and Watson®^ this decrease, which is found also in 
toluene solutions and by the use of an incandescent light source, is greater than 
could be accounted for by the retarding action of the benzoic acid. It was less 
when benzene was the solvent. Anthraquinone may serve as an accelerator of the 
reaction when toluene is the solvent, but is not effective in benzene. Benzoquinone 
is a strong inhibitor, and phenolic compounds also act in this way. According to 
Jorissen and Dekking,®® the photooxidation of benzaldehyde in the presence of 
iodobenzene induces oxidation of the latter compound. 

Photochemical reactions between aldehydes and quinones have been the sub- 
ject of a number of empirical observations.®® Angeletti and Baldini found 
that after exposure to sunlight for six months an equimolar mixture of benzalde- 
hyde and toluquinone in benzene gave benzoic acid, toluhydroquinonc, a relatively 
small quantity of diethyl toluhydroquinone benzoate, an unidentified phenolic com- 
pound, and large quantities of resins. Tdght reduced the toluquinone to toluhy' 
droquinone and oxidized the benzaklcliyde to benzoic acid. The latter then esteri- 
fied the two hydroxyl groups of toluhydroquinone. Cinnamaldehyde and tolu- 
quinone similarly gave cinnamic acid, toluhydroquinone and a monocinnamate of 
toluhydroquinone.®® No compounds corresponding to the 2,S-dihydroxybenzo- 
phenone were reported by Klinger.®® 

It has been stated by Chattaway®® that bcnzaldehyclephenylhydrazone reddens 
slowly in diffused light. In sunlight, the change becomes very noticeable in a few 
minutes, reaching, in a few hours, a maximum intensity, the crystals having a 
brilliant scarlet color like that of azobenzene. The change could be produced also 
by the light of an iron arc, but the ultraviolet rays were not held responsible since 
the interposition of glass did not interfere with the effect. Hodgson and Handley ®^ 
found no change in the phenylhydrazone of />-nitrobenzaldehyde under similar 
treatment. 

Transformation of o-Nilrobcnsaldehyde. The nature of the isomerization 
which occurs when this compound is irradiated either as a solid or in acetone 
solution is similar to that described on page 472 for the e-nitrobenzylidene glycol.s. 
An oxygen atom is removed from the nitro- group and transferred to the aldehyde 
group, forming in this case e-nitrovsobenzoic acid. Weigert and Kummerer 
showed that the amount of the reaction is proportional to the time of irradiation. 
In experiments in which the intensity was varied, they believed that their data 
indicated a slight deviation from the Bunsen- Roscoe law. When ultraviolet light 
was employed, the rate of the change was independent of the concentration, but 
when violet light was used the rate was at first proportional to the concentration. 

In later work, the quantum yield was found ®® to be 0.5 when the wave-lengths 
4360, 4050 or 3660 A were used. To account for this, they developed a special 
theory in which the orientation of the molecules with respect to the electric vector 

w Kothari, C. J., and Wat.«ion, H. E., /. Indian Inst, Set., A14, 11 (1931); Chem. Abs , 26, 378 
(1932). 

“Jorissen, W. P, and Dekkinjf, A. C. B , Rec. irav. chim . 57, 829 (1938). 

“Ciamician, G., and Silber, P, Ber , 24, 1430 (1891); 31, 124 (1898), Klinger, H, Annalen, 249, 
137 (1888); Bargellini, G., and Monti, L., Gasz chxm. ttal , 60, 474 (1930); Chem Ahs., 25, 96 (1931). 

“Angeletti, A., and Baldini, V., Gaze. chim. ttal., 64, 34 6 (1934); Chem. Abs, 28, 5422 (1934). 

“Angeletti, A., Aft* accod fci., Torino, Classic sci. fis , mat. nat., 70, 326 (1935); Chem, Abs., 30, 
1383 (1936); Atti V Congr. Naz Chim,, 1 , 280 (1936); Brit. Chem. Abs, A (II), 196 (1937). 

“Klinger, H.. Annalen. 382, 211 (1911); Chem. Abs., 5, 3456 (1911). 

“Crhattaway, F. D.. /. Chem. Soc., 89 , 463 (1906). 

« Hodgson, H. H., and Handley, F. W., /. Chem. Soc„ 1882 ( 1928 ). 

“Weigert, F., and Kummerer, L., Ber., 46, 1207 (1913); see also Bowen, E. J,, Hartley, H., Scott, 

D., and Watts, H. G., /. Chem. Soc., 125, 1218 (1924). 

^Weigert, F., and Brodmann, L., Trans. Faraday Soc., 21 , 453 (1926), 
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of the incident lig^ht was considered a determining: factor. It was suggested that 
the transfer of an oxygen atom to an aldehyde group takes place only when the 
electric vector of the incident radiation corresponds to thjt line between the nitro- 
and aldehyde groups. It could be shown that only 50 per cent of the molecules 
would be so oriented as to react. Thus, for these molecules, the quantum yield 
would be unity, although the observed value was but 0.5. Such a theory lost its 
significance when it was found that many reactions in solutions have quantum 
yields varying in exact value, but less than unity. Furthermore, it has been found 
by some that Weigert’s results showed some variations from the 0.5 which his 
theory demands, as various wave-lengths were employed. This, however, has 
been denied by Weigert and Pruckner after further observations. The value 
of 0.5 has been verified also by Leighton and Lucy for 2,4-dinitrobenzaldehyde 
as well as for o-nitrobenzaldehyde. They found somewhat higher values in the 
case of 2,4.6*trinitrobenzaldehyde.^^ These, as well as other recent workers^® 
reject the Weigert theory, and believe the usual explanations given for low quan- 
tum yields in liquid or solid-phase reactions to apply. Leighton and Lucy related 
the yield of 0,5 to the assumption that the N=®0 adjacent to the aldehyde group 
must be excited for the transformation to occur. They consider the processes of 
energy exchange between the two N==0 linkings. 

Janssen found the absorption spectrum of the vapor of this compound to be 
continuous, implying a primary photodecomposition. Zimmer, who noted the 
compound to be dicbroic at 4360 and 4050 A although not a mixture of two tauto- 
mers, found it to exhibit no appreciable fluorescence, lie believed that the pri- 
mary process produces nitrosobenzaldehyde and an oxygen atom. The latter could 
recombine with the other dissociation product in either of two ways — to restore 
the original compound or to form the nitrosobenzoic acid. The equal likelihood of 
these two processes would account for the quantum yield of 0.5. Kuchlcr and 
Patat found the quantum yield in the gas phase to be much higher than that in 
solution. At 90° C., it reached 0.75, but could be lowered to 0.5 by the presence 
of 700 mm. nitrogen. They did not accept the theory of a primary splitting off of 
oxygen and could find no evidence for the primary formation of oxygen atoms. 
Neither free oxygen nor nitric oxide was formed. They believed the simpICvSt 
explanation of the quantum yields of 0.5 to be a deactivation of some type of excited 
molecule, regulated intramolecularly. 

Various other compounds, as has already been indicated, undergo a similar type 
of transformation. Tanasescu believes all substances which contain the ^?-nitro- 
benzaldehyde grouping and which are light-sensitive contain a mobile hydrogen 
atom. An example of a light-insensitive compound is o-nitrocinnamaldehyde. 
In this case, according to Kogel, the aldehyde group differs in not being an 
oxygen-acceptor.'^^ In the presence of pyrogallol as oxygen acceptor, however, 
the nitre- group of this aldehyde, as well as that of (7-nitrobenzaldehyde, is light- 

Weigert, F, and Prucknei, F., Z, physik. Chem, Bodensttnn-Fvsiband, 775 (1931); Weigert, F., 
(1929). 

Leigbton, P. A., aud Lucy, F. A., J. Chem. Physics, 2, 756, 760 (1934). 

See also Secareanu, S., and Lupas, I,, Binll. soc, chim., 3, 1161 (1936); Br\t, Chem. Abs., A, 
986 (1936). 

«« Wegseheider, P., Monatsh., 52, 68 (1929) : Janssen, C., Z. physik Chem., B18, 241 (1932); Zim- 
mer, K. G.. Ibtd., B23, 239 (1933); Bowen, E. J.. Trans. Faraday Soc., 21, 523 (1926). 

*» Kuchlcr, L., and Patat, F., Monaish., 68, 275 (1936); Z. FJcktrochem., 42, 529 (1936). 

ToTanasescu, I.. Bull soc. chim., 39. 1443 (1926). 

’iK6gel, J., Z. wiss. Phot., 24, 216 (1926); Chem. Abs., 20, 3646 (1926), 
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sensitive. In the case of nitroterephthaldehyde, the maximum quantum yield in 
the transformation into 2,4,1-nitrosoterephthaldehydic acid in acetone solution is 
0.1 in light of the ranges 3740-3251 and 3740-3345 A. With light of constant 
intensity, the rate of reaction diminishes as exposure continues. It increases with 
increasing light intensity, approaching a limit. Kogel assumes that before expo- 
sure the normal molecules of the aldehyde are in equilibrium in solution with an 
intermediate substance, and that it is this substance which reacts photochemically 
with the normal molecules. This conclusion, which he applies also to o-nitroben- 
zaldehydo, was based upon an observed diminution of the absorption coefficients of 
tlie solution with rise in temperature. This was ascribed to the formation of a 
substance with relatively small absorption coefficients. 

Davies notes that 5-nitro-2“methox3^-3-ethoxyl)enzalclehyde undergoes no 
change of color or melting point when exposed in pure acetone solution for 25 
hours to ultraviolet rays. On the other hand, another nitration product (melting 
point 8S°C.) of 2-metIioxy-3-ethoxysalicylaldehyde obtained by precipitation with 
water rapidly becomes greonish-blue under the same conditions. 

Aromatic Ketones 

Ciamician and Silber showed that when an alcoholic solution of benzo- 
phenone is exposed to sunlight, the ketone is reduced to benzopinacol and the 
alcohol is oxidized to aldehyde. Cohen extended the observations to include a 
number of substituted ketones and a variety of primary and secondary alcohols. 
Bdeseken, Cohen and Langedijk gave data on the absorption of benzophenone, 
fluorenone and terej)hthalopbenoiie for the region 3600 to 4500 \ and pointed out 
that their niaxinnim absorption did not occur in the wave-length region which was 
photochemically active."^^ 

To throw light on the nature of the primary reaction involved, Bdeseken and 
Visser determined the photoelectric threshold of benzophenone and found it to 
lie between 3025 and 2537A. The absorption band at 2600A would seem, there- 
fore, to correspond to ionization of the molecule, a process unusually encountered 
in photochemical processes. No ab.sorption bands were found in the region of 
excitation, 4070 to 3800 A. 

Having shown that a small amount of sodium alcoholate can effect the decom- 
position of a large amount of henzopinacol into a mixture of benzoliydrol and 
benzophenone, Bachmann combined this reaction with the photochemical reaction 
by conducting the latter in solutions containing a small amount of sodium alcohol- 
ate. The ketone regenerated in the decomposition of the pinacol into hydrol and 
ketone goes through the photochemical change again, and the series of reactions 
is repeated until eventually the hydrol is the sole product. In the case of beiizo- 
phenone and isopropyl alcohol, the leactions are: 

72 Davies, W. Chem. Soc , 123, 1590 (1923) 

7» Ciamician, G., and Silber, P, Her, 33* 2911 (1900). 

7^ Coben, W. D., Rei., trav. chitn , 39, 242 (1920) 

Bdeseken, J., Cohen. W. D. and Langedijk, S. T- , Rec, tiav, ihim, 44, 173 (1925), 4(>, 38.1 (1927). 

For more recent data on the absorption of benzophenone and other ketones, see Tasaki, T., ^ria 
Phytoch^’m,, 2, 49, 199 (1925); 3, 259 (1927); Anderson, L. C. / Am Chem Soi., 55, 2094 (1933), 
Anderson, L. C., and Gooding, C. M., /. Am Chem. Soi ,, 57, 999 (1915); Purvis, T. E., /. Chem. 
Vor., 127, 9 (1925), Rupe, H. Collm, A., and Schmidcrer, L., IJeh. thim, Acta, 14, 1340 (1931), 
Rupe, 11, Pedrini, F., and Collin, A., Helv. Chim. Acta, 15, 1321 (1932); Rupe, H., Collin, A., and 
SigK, W, Helv. Chim. Acta, 14, 1355 (1931), Ley, H., and Wmgehen, H., Ber., 67B, 510 (1934). 

Bdeseken, J., and Visset, G. H., Rcc. trav. chxm,, 47, 1037 (1928); Chem. Abs., 23, 2660 (1929). 

Bachmann, W. E., J. Am Chem. Soc., 55, 355, 391 (1933). 
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ZiamhCO 4- (CHOaCHOH 


(CH»)*CO + (CeH.)* 

(GH5). - C - OH 


(GHb)* - C oh (CH.)aCHONa (aHc)«C -«• 6Na 

I > } 

(GH5).-- C-OH 


(C«H5)2-" C-ONa 


2(CeH.).CONa 


2(CJ-L)8CONa 4- 2(CH«)2CHOH 


COH 4*2(CH«)sCHONa 


2(C«H«). 

i 

(CeH«)aCO 4- (GH5)XH0H. 


A solution of benzophenonc in isopropyl alcohol containing' sodium isopropylate 
becomes greenish -blue on exposure to sunlight, the color being characteristic of 
the sodium ketyl radical. When the solution is protected from light, the color 
disappears by the action of the sodium ketyl radical with isopropyl alcohol. Renewed 
exposure to sunlight restores the color, but when after several days of exposure 
all of the ketone has been reduced, the solution has again become colorless. 

In agreement with the observation of Cohen that Michler’s ketone, phenyl-oc- 
naphthyl ketone, fluorenone and 4*phenylben7.ophenone are nOt photocheniically 
reduced to pinacols, Bachmann found that Michler's ketone and phenyl-a-naph- 
th}^ ketone could not he reduced to hydrols in this way. Fluorenone under- 
went a different type of reaction, not photochemical. 4~i4ienylbenzophenone, liow- 
ever, was reduced nearly quantitatively to 4-phenylbcnzohydrol. In the absence of 
the alcoholatc, it w'as found to he i*educed to the pinacol, 4.4'-diphenylhenzopinacol. 
Several other suhstitutt'd ketones behaved in accordance with the new mechanism, 
yifjlding hydrols. These included 4-methylbenzophenonc, 4,4'-dimethylbenzophenone, 
4~methoxvbenzophenone, 4-chloro-4'-mcthoxy]')enzophenone and 4-chlorobenzophe- 
none. The photochemical reduction process as inorlified by Bachmann is suitable 
for the f)rcparation of benzopinacol. ^ 

Migita finds that di-/>-methoxybciizophenone in alcohol is reduced in sunlight 
to the pinacol. 

At 100°C., bonzophenone itself undergoes no change when irradiated for nine 
hours by a mercury arc, and acetophenone none after seven hours. When 0.1 
molar solutions in hexane or benzene w^ere irradiated, however, benzopinacol 
crystallized out w4th a quantum efficiency of 0.04. None was formed when the 
solvent was carlion tetrachloride. 

According to Jenkins, several ketones of the type C(iFl;,COCH2CnH5 on 
standing in light and air undergo autoxidation, yielding acids and aldehydes. 
Thus CoHr,C}L*COC,}H4n-2 gives benzaldehyde and o-chlorobenzoic acid. 

Paterno and Chieffi observed on exposing benzophenone and pbenylacetic 
acid in benzene to sunlight for five months that benzopinacol and triphcnyllactic 
acid were formed de T'azi in repeating these experiments alw^ays found pressure 
due to carbon dioxide, on opening the tubes. The reaction of benzophenone with 
butyric acid also produces carbon dioxide. In the case of the pbenylacetic acid 
reaction, by opening the tube, removing the crystalline deposit of ajS-triphenyl-^- 
hydroxypropionic acid and benzophenone, and restarting the reaction, successive 


Bachmann, W. K., Or(/antc Syntheses, New York, John Wiley & Sons, Tnc.. 14, 8 (1934). 

M., Bull Chem. Soc. Japan, 7, 334 (1932); Chem. Ah^„ 27, 716 (1933). 

Bowen, E. J., and de la Praudiere, E., 3. Chem Sor,, 1503 (1934). 

Jenkins, S S., J. Am. Chem. Soc.. 57, 2733 (19.33). 
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deposits of this mixture could l>e obtained. The course of the reaction is believed 
to be: 


(C«H»)aCO + GH^CH.COOH > (GHf.)2C(OH) •CH(CeH«) -COOH 

2GH»CH2C00H > GHcCHbCH^GHb + 2CO* + 

2(GHn)»CO + m > (GHfi) 2 C(OH)-C(GH«),OH. 

The ability of benzylphenylacetate to react v^ith benzophenone was believed to 
account for the fact that only a small amount of this compound could be isolated. 
Irradiation of a similar mixture of phenylacetic acid, benzophenone and benzene 
in a quartz tube by a mercury arc for 100 hours g^ave no triphenyllactic acid and 
only traces of carbon dioxide. Irradiation with a 2000 C.P. Osram lamp, however, 
produced abundant quantities of these substances. Exposure of phenylacetic acid 
alone in benzene to sunlight for .six months gave little car])on dioxide and a little 
of a yellow oil. The Osram lamp gave detectable quantities of carbon dioxide in 
24 hours. After 280 hours, there were fairly large quantities of gas and some 
crystals, probably of 5 -diphenylethane. 

4,4'-Tetrachlorodimethylbenzophenone is very sensitive to light and is trans- 
formed by it into a plastic mass.^*'^ A similar behavior was observed in the case 
of 4,4'-di (hydroxymethyl) benzophenone. The alkyloximes of benzophenone 
also resinify and decompose rapidly in ultraviolet light. ^-o-Nitropbenylethyl- 
ketone loses a molecule of water on irradiation and gives a substance with acidic 
properties, which melts about 300'^C.®’^ 

After a week in direct sunlight in a sealed glass tube, an alcoholic solution of 
<?-ben 2 ophenonecarboxylic acid yielded the dilactone of tetraphenyldihydroxyethane* 
dicarboxylic acid. Similar reactions were given by /’-tolyl-o-benzoic acid and 
acetophenone-o-carboxylic acid.®® Straus, Muffat and Heitz ®^ noted a reaction 
whereby 1-phenylpyrazolines are obtained by the action of phenylhydrazine on 
certain aromatic ketones, owing to the extraordinary case with which the hydra- 
zones first formed rearrange. 

From an investigation of diketones, Porter, Ramsperger and Steel find that 
under the influence of ultraviolet radiation, benzil in the vapor state is decompobed 
into carbon monoxide and benzophenone when the temperature is 200^C. or more. 
In dilute alcohol, in the absence of air, it is partly hydrolyzed to benzoic acid and 
benzaldehyde, but a portion of it is reduced by the alcohol to benzoin. In aqueous 
alcohol in contact with air, it is converted into benzoic acid. Further oxidalion 
of the latter gives some salicylic acid. 

Benzilic acid is not formed in solutions of benzil. The decomposition products 
of benzilic acid, namely, bcnzopinacol in the absence of oxygen, and benzophenone 
and benzopinacol in its presence, were never found in the exposed benzil solutions. 
Marchlewski and Wvrobek find benzil to absorb strongly with a maximum at 
2590A. 

Contieradp. E., Bull, soc. chim, Belg.. 43, 447 (1934); Chem, Abs.j 29, 768 (1935); Bull. soc. chim 
Belg., 42, 311 (1933); Chem. Abs., 27, 507 (1933). 

Martynoff, M., Ann. chim., 7, 424 (1937); Chem. Abs., 31, 4973 (1937). For anisalacetophenonc, 
see Stobbe, H., and Hensel, A., Bet., 59, 2254 (1926). 

s’TSn^scscu, I., and Tan5.'?c<?cu, E., Bull. soc. chim., 3, 865 (1936). 

««Limaye, D. B , Univ. Bombay, 1, Pt. 2. 52 (1932); Chem. Abs., Tl, 2097 (1933). 

» Straus, F„ Muffat, C., and Heitz, W.. Bcr., 51, 1457 (1918). 

Porter, C. W., Ramsperger, H, C., and Steel, C., J. Am. Chem. Soc., 45» 1827 (1923). 

* Marchlewski, L., and Wyrobek, O., Bull, intern, acad. Polonaise, 93, 1929A; Chem. Abs., 23, 
5405 (1929). 
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Phenols 

The rays of the quartz mercury lamp, according to Gibbs, color pure phenol 
light red, in the presence of oxygen, with remarkable rapidity (al>out one minute). 
Dermatol (bismuth subgallate) on irradiation produces a violet-colored pigment 
known as galloflavin.®^ Exposure of 3,4«chloronitrosophenol in ethyl alcohol®^ 
transforms it into resinous products. 

The w-cresols are said to color more rapidly on exposure to light and air than 
the 0 - and /)-cresols, and genlisic acid and its esters are even more readily colored.®® 
Viktorin®*^ finds the oxidation of phloroglucinol by atmospheric oxygen to evolve 
ultraviolet radiations.®® Schweekendiek finds guaiaconic acid, like guaiaretic 
acid, to be sensitive to light, the sensitivity being increased by the addition of 
collodion, Zapon lacquer, or a solution of sulfur in carbon disulfide. The product 
is green and results from an oxidation process. It may be employed as a photo- 
graphic process, the green image being fixed with a mixture of ammonium acetate 
and benzene. 

Aside from these scattered observations, little definite seems to be known 
regarding the photochemistry of the phenols. There is, however, much data on 
their absorption spectra. Indeed, by measurements in solutions containing various 
amounts of added alkali, it is possible to determine the dissociation constant of 
phenol by the changes in its absorption spectrum.^®® 


Quinones 

Because of their importance Jor theories of color, the visible and ultraviolet 
absorption spectra of the qui nones, especially benzoquinone, have been much inves- 
tigated. This topic, however, lies beyond the scope of this work. Benzoquinone 
as vaj)or exhibits a region of fine band absorption from 4800 to 4200A, one of 
narrow bands between 3100 and 2600A, and a continuous region at shorter wave- 
lengths.^®^ 

Gibbs, H. D., /. Am, Chem. Soc . 34. 1193 (1912) 

^ Guyot, R., BM. soc, pharm, Bordeaux, 66, 18 (1928); Chem. Abs , 23, 4015 (1929). 

** Hodgson, H.. and Kershaw, A., J. Chem. Soc., 1553 (1929), Some data on the effects of various 
wave-lengths on the oxidation of d-catechm m the presence of a complex cobalt salt have been recorded 
by Shibata and Goda.®® 

Shibata and Goda, Iwata Inst. Plant Biochem,, Publ. 2, 175 (1936); Brit, Chem. Abs., A, 808 
(1936). 

Gibbs, H. D.. Williams, R. R., and Pratt. D. S., Philippine J. Set., 7, 79 (1912). 

•"Viktorin, O., Chem. Listy, 29, 245 (1935); BHt. Chem. Abs., A, 7 (1930). 

In a method of making photographic prints, the sensitive IdVer may contain a colorless inorganic 
oxiduing agent such as nitric acid or lithium nitrate, and a cyclic organic amino- compound such as 
ammophenol, benzidine, dianisidine, etc. These compounds arc sensitive only to ultraviolet light which 
produces colored compounds. After exposure, the unexposed portions may be washed out with watet 
or other solvent, the colored product being insoluble. British P* 413,093, April 20, 1933, to N. V. 
Philips’ Gloeilarapenfabriken. Brit. Chem. Abs, 1934B, 813. 

®'‘* Schweekendiek, C., Diss., Giescn, 1927; Brit. Chem, Abs., A, 1041 (1927). 

Sten Strom, M, and Goldsmith, N., J. Phys. Chem., 30, 1683 (1926); StenstrSm, M., and Reinhard. 

M., J. Phys. Chem., 29, 1477 (1925); Job, P., Compt. rend. 186, 1546 (1928). For other data on the 
absorption of phenols, see Ivepianka, E,, and Marchlewski, L,, Bull. soc. chim., 35, 1613 (1924; Val- 
yashko. N. A, J. Russ. Fhys.-Chem. Soc., 58, 779 (1926); Chem. Abs., 22, 949 (1928); Purvis. J. E., 
Proc. Cambridge Phil. Soc., 23, I, 588 (1927); Conrad-Billroth, H., 2. physik. Chem., 20B, 222, 227 
(1933); Savard, J., Ann. Chim., 9, 287 (1929); 11, 287 (1929); Compt. rend., 188. 782 (1929); Lam- 

brechts, A., Compt rend., 198, 183 2 (1934); Kepianka. E., and Marchlewski, L., Bull, intern, acad 

Polonaise. 75, 1926A; Bull. soc. chim., 39, 1368 (1926); GosUwski, W., and Marchlewski, L., Bull 
Intern. Acad. Polonaise, 383 1931A; de Boer, J. H., and Custers, J. F. H., Z. physik. Chem,. 25B, 
238 (1934); Eisenbrand, J., and von Halhan. H., Z. physik. Chem., 146, 30, 101, 111 (1930); Saint 
Maxen, A,, and Duieuil, E., Compt. rend., 197, 1411 (1933); Marchlewski, L., and Wyrobek, O., Bull, 
intern, acad. Polonaise, 93 1929A. 

Lifschitz, 1., and Rosenbohm, E., Z, Physik, 38, 61 (1926); Light, L., Z- physik. Chem., 122, 
414 (1926). 
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Ben^oquinonc in light effects the oxidation of various alcohols. Leighton and 
Forbes found that when water was also present in large amounts, the reaction 
exhibited an induction period during which a dim^r of the quinone was believed 
to be formed. When the solvent was 5()-per cent alcohol, there was no inhibition. 
With wave-lengths shorter than 4350 A, they found the quantum yield to be 0.5 
in alcohol and in aqueous alcoholic solutions, it was independent of the wave- 
length, and in aqueous alcoholic solutions, also of the concentrations. With longer 
wave-lengths the quantum yields decreased, indicating the existence of a threshold 
inside the first absorption band. As the concentration of alcohol was decreased, 
the threshold was displaced toward shorter wave-lengths. These investigators 
suggested that every absorbed quantum might produce activation, the observed 
quantum yields being lowered by a secondary reaction which has an efficiency of 
but 50 per cent. Recently, these results have been challenged by Berthoud and 
Porret who observed quantum yields of unity at 4050, 4080 and 4360A. They 
found the rates to be independent of the (juinone concentration and temperature. 
The rates decrease slowly with decreasing alcohol concentration, and are propor- 
tional to the light intensity. Similar results were obtained with isopropyl alcohol. 

The oxidation of ferrous sulfate hy benzoquinone, but not the reverse process, 
is sensitive to light. It proceeds with a quantum yield of unity at 4050, 4080 and 
4360A and is independent of the temperature and concentrations of reactants.'*^^'^ 

Akomatic Acids and Their Derivatives 

Benzoic Acid. Kailan found ultnivioki irradiation of atjiieoiis sohi 
tions of benzoic acid to yield reducing substances, formic acid and oxalic acid. 
The velocity of the formation of these substances increased as the square of the 
concentration. Alcoholic solutions are esterfied to the extent of 30 per cent in 
eight days. The rale is promoted by the presence of a trace of hydrochloric acid 
On exposure to acid and sunlight, the csttTS of the three hydn^xybenzoic acids 
color more rapidly than the free acids: the mcia compounds arc the most rapidly 
changed; the para compounds are practically unaffected 

Decomposition of acetylheiizoyl fieroxide by ultraviolet light yields carbon 
dioxide, toluene, methyl benzoate, methane, phenyl benzoate and complex mate- 
rials of acid and neutral charactci.^'^*^ ]\)ssihly hydrolysis occurs, the necessary 
water being liberated in the formation of the complex materials. 

2CH«COO.COGHc + H.0 > GHnCOO^COGH. + CHXOOOII d CH«COOII 

Fichter and Schnider found the decomposition of dibenzoyl peroxide in 
ultraviolet light to yield about 80 per cent of the theoretical quantity of carbon 
dioxide and diphenyl. The residue, an amorphous resin, was not characterized. 

Absorption of potassium cyanide hy benzaldehyde in the benzoin condensation 
is unaffected by irradiation.’*^^ Benzoin, however, is converted into a viscous 
resin by irradiation, the process lieing favored by an increase in temperature. 

^02 Leighton, P. A., and Forbes, G. S., J. Am Chem Soc , 51, 3549 (1929); for the actinomctiic use 
of benroquinone, see Chapter 7. 

Berthoud, A., and Ponet, D, Hekf. Chim Ada, 17, 694 n934') 

Porret, D., ffc/ic Chitn. Acta, 17, 703 (1934). 

A., Z physik, Chem , 95, 215 (1920); J, Chem. Soi , 118, n, S76 (1920) 

Stoermer, R , and Ladewig, H., Bcr., 47, 1803 (1914). 

(Tibbs, H. 11., Williams, R. R., and IVatt, D S, Philippine J Sci., 7, 79 (1912), 

‘o** Fichter, F., and Willi, E, JAelv Clnm. Acta, 17, 1173 (1934), 

Fichter, F., and Schnider, A., Nelt'. Chim Acta, 13, 1428 (1930), 

’’^^Bousset, R., Bull, soc. chim,, 2, 309 (1935). 
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Salicylic Acid. Little is known of the photochemical behavior of this 
acid Light (but not ultraviolet light) is said to darken the pharmaceutical solu- 
tions of sodium salicylate containing sodium bicarbonate* This probably consists 
in an oxidation with the formation of (|uinones.^^^ Methyl salicylate becomes col- 
ored on exposure to air and sunlight, the tint varying from light yellow for short 
exposures to reddish-brown for protracted ones.^^- 

It has been proposed to use such aryl azides as azido- salicylic acid (prepared 
by the action of sodium azide on diazosalicvlic acid) in photographic processes. 
A layer of the material incorporated in gelatin and exposed under a negative 
forms a dye, after which the unchanged azide may be washed outd^^ 

Of 22 anils known to be phototropic, 15 were said to be derivatives of saHrylal- 
dehyde. Recently Brewster and Millam^^'^ have added three, one a derivative 
of salicylal dehyde and the other two of S-bromosalicylal dehyde. 

Mandelic Acid. This acid can be oxidized by methylene blue by wave- 
lengths in the range 2540 to 4360A if uranyl nitrate is employed as photosensilizer. 
In the mechanism suggested by Ghosh, Narayanamurthi and Roy,^^*"^ excited UO 2 '' 
ions yield their energy to mandelic acid, which is decomposed with the production 
of benzaldehydc, carbon dioxide, water and the UO" ion. The latter takes an 
oxygen atom from water, the hydrogen of which reduces methylene blue to the 
leuco-compound. Oxygen restores the methylene blue, and light excites the uranyl 
ion so that the f>rocesses may he repeated. 

Phthalates. When lead phthalate is exposed in a small quartz crucible 
to ultraviolet rays, the outer layer decomposes rapidly with the formation of a 
yellowish-brown substance of unknown composition, but probably containing lead 
oxide. Under the same conditions mercury phthalate is unaffected. 

Jaeger claims the decarboxylation of polycarhoxylic acids, for example, the 
conversion of phthalic into benzoic, by subjecting them at 300® to 420° C. in the 
presence of reducing gases (hydrogen or water gas) to various types of electrical 
discharge, ultraviolet light, cathode rays or x-rays. 

For refining liquid alkyl esters derived from acids produced by the catalytic 
oxidation of aromatic hydrocarbons, such as dibutyl phthalate, so that distillation 
of the ester is rendered unnecessary, and its color improved, the material may be 
exposed to the action of ultraviolet light^^*^ 

An alcoholic solution of 2,4- dihydroi soph thalic acid, which appears to react as 
a quinone derivative, forms acetaldehyde in stmlight.^^® 

Although tcrephlhaklehyde is very stable in the solid state and in solution in 
benzene in darkness, Suida finds that its solution undergoes rapid atmospheric 
oxidation when irradiated by a mercury lamp, a white crystalline deposit being 
formed. This consists of terephthaldchydic acid to the extent of roughly two- 
thirds, the remainder being terephthalic acid. The solution from which the crystals 
have separated gives a peroxide reaction with acidified potassium iodide solution. 

^TiKrantz, J. C, Tr., / Am Pharm. Assoc, 17, 1203 (192R); Lil^eralli, C. H., Bol. awor. brasil 
farm, 16, 154 (1935V; Oicm. Abs., 29, 5989 (1935) 
iiaStoermer. K.. and Ladewip, H., Ber., 47, 1803 (1914), 

British P. 333,820, Nov 3, 1928, to Kallc and Co. Brit. Chem. Abs., 1930B, 1092. 
i^*Biewster, C. M., and MilUm, L. H , J. Am. Chem. Soc., 55, 763 (1933). 

Ghosh, J. C., Narayanamurthi, D S., and Rov, N. K., Z. physik. Chem., 29B, 236 (1935). 
”«i:keley, J. B., and Banta, C., /. Am Chem. Soc, 39, 762 (1917). 

Jaeger, A. O,, U. S. P. 1,909,357, May 16, 1933, to Selden Co.; Brit. Chem. Abs., 1934B. 87. 
Smith, F. I)., U. S, P, 1,948,281, r'eb. 20, 1934 (to Monsanto Chemical Co.); Chem. Abs., 28 , 
2725 (1934). 

^«»Marzin. A., /. prakt. Chem., 138, 107 (1933); Chem. Abs., 27, 5317 (1933). 

Suida, H., Monatsh., 33, 1173 (1912); /. Chem. Soc., 104 (i), 52 (1913). 
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The oxidation is not accelerated by the presence of nitrobenzene, which, indeed, 
exerts a hindering effect. A comparison with benzaldehyde seems to indicate that, 
assuming the supply of oxygen by diffusion to be more than sufficient, the oxida- 
tion velocity of each aldehyde group in terephthaldehyde is considerably dimin- 
ished by the presence of a similar group in the para position. Spectrographic 
examination indicates that the effective rays are those of wave-lengths between 
4000 and 3000A, but yellow and red light can cause the oxidation to occur, although 
only very feebly. 

Cinnamic Aldehyde and Cinnamic Acid. These compounds exhibit inter- 
esting photochemical reactions because, in addition to the features common to the 
aldehydes and acids, the presence of a double bond in the side chain offers new 
possibilities of polymerization and stereoisomerization. Cinnamic acid, in alcoholic 
solution, exhibits one broad absorption band with a maximum at 271 OA. Hydro- 
cinnamic acid, however, in aqueous solution, shows two bands with maxima at 
2670 and 2580A.i2i 

In sunlight, cinnamic aldehyde reads with qiiinone as do other aldehydes. 
Bargellini and Monti exposed 10.8 gm. of quinone and 13.2 gni. of cinnamic 
aldehyde in 100 cc. of benzene in a sealed tube for one month. The quinone was 
reduced to hydroquinone and the aldehyde oxidized to cinnamic acid. These two 
products then combined, the reaction being analogous to that between phenanthrene- 
quinone and certain aldehydes described by Klinger.^^-* According to Stoermcr 
and Ladewig,i24 the presence of a trace of hydrochloric acid, cinnamic acid 
reacts with alcohol when irradiated, as much as 37 per cent being ester ified in 
eight days. 

When thin layers of finely powdered o-nitrocinnamic acid are exposed to sun- 
light, a red substance melting at 120®C. is produced. It is probably hydroxyisato- 
XII-OH 

genic acid, ’“^C -COOH. This is another example of a type of reaction 

frequently encountered. 

The presence of a double bond in the side chain of cinnamic acid permits the 
existence of cis and trans forms. Photochemical changes may consist of either a 
stereoisomerism or a polymerization of either form to a dimer. This, together 
with the fact that alio- {cis) -cmnzmiQ acid^^na trimorphous, having forms melt- 
ing at 42^, 58° and 68°C., makes the photochemistry of this compound an intri- 
cate subject which has been much investigated, with confusing results. Since the 
matter is rather highly specialized, space does not permit a complete discussion. 

Stoerraer showed that ultraviolet light changes the less fusible stable to the 
more reactive labile forms. The extent of the transformation was thought to be 
dependent upon the energy differences between the steroisomers. Many deriva- 
tives of cinnamic acid were studied and it was believed that in most cases an 

Jia Marchlcwski, L., and Wyrobek, O., Bull. arad. Polonaise, 331 (1929); Ckem. Abs., 24. 3711 (1930). 
Ley, H , and Dreinhofer, R., Z. wiss. Phot., 29, 134 (1930>i Raraarl-Lucas and Trivedi, R , Compt. 
rend., 195, 783 (1932); Purvis, J. E., J. Chem. 6ar., 780 (1927). 

’22 Bargellini, G., and Monti, L., Gaez. chim. itaU, 50, 474 (1930); Chem. Abs, 25, 96 (1931). 

128 Klinger, H., Annalen, 249, 137 (1888); 382, 211 (1911); Brr 24, 1340 (1891); 31, 1214 (1898) 
In most of this work many of the quinone reactions followed a different course. 

12^ Stoermer, R., and Ladewig, H., Ber., 47, 1803 (1914). 

”»Tanasescu, I., Bull soc. chim., 41, 1074 (1927). 

iJWA The ordinary fran.r-cirinamic acid melts at 133®C, 

’*8de Jong, A. W. K., Chem- Weekblad, 26, 270 (1929) has compiled a large number of references 
regarding the effects of sunlight on the cis- and ^raiw-cinnamic acids. 

iST Stoermer, R., Ber., 42, 4865 (1909); /. Chem. SoC., 8 (H), 114 (1910). 

'oas Stoermer, R., with Frederick Brautigam and Ncckcl, Ber., 44, 637 (1911). 
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equilibrium was attained The number after each of the following compounds 
represents the percentage of the less fusible form which, at equilibrium, has been 
transformed : methyh<7*nitro-0“methoxycinnamate, 80 ; p-methoxycinnamic acid, 25 ; 
sodium-o«chlorocinnamate, 10; o-anisyleinnamic acid, 35-40; o-anisylcinnamide, 70: 
a-anisylcinnam-methylamide, 36 ; and the corresponding ethylamide, 40 ; /g-o-anisyl- 
a-methylcinnamic acid, 5, and the corresponding amide, 5; the form of cinnamic 
acid melting at 42° C., 30-40. In the case of o-chlorocinnamic acid, when glacial 
acetic acid was employed as solvent, it was observed that, in addition to the expected 
isomerization, part of the acid combined with the solvent. 

When daylight or sunlight, rather than the light of the mercury arc is used, 
polymerization reactions also occur with the formation of dimers altliough 
isomerization occurs with either sunlight or mercury arc light. Fused cu-cinnamic 
acid is transformed extensively to the trans form after 96 hours of mercury arc 
irradiation. Similarly, a-/m«.y-cinnamic acid, fused or in solution, isomerized to 
the equilibrium mixture. For this change, radiations of wave-length 3200 to 
2700A are most effective. The reaction is greatly accelerated by the addition of 
hydrochloric acid. 

When the solid acids or their aqueous suspensions are exposed to sunlight, this 
change is accompanied by polymerization; a-/ra«.9-cinnamic acid yields mainly 
the dimer a-truxillic acid with a little jS-truxinic acid. Allo-cmxiKtmc acid {cis) 
yields as its polymerization product chiefly ^-truxinic acid, together with the 
isomerization product ^ran.Y-cinnamic acid and its dimer, a little a-truxillic acid. 
The latter change took place to the extent of 71 per cent after 196 hours in sun- 
light, but after 200 hours of the mercury arc irradiation only to the extent of 4.4 
per cent. Very similar results were recorded for the polymerization of the irms 
acid. Long ultraviolet rays accordingly favor polymerization, but the shorter ones 
hinder it and exert a depolymerizing action on truxinic and truxillic acids. Each 
dimer when irradiated by the shorter radiations clepolymerizes to the monomer 
from which it is originally formed by the longer rays. 

The metastable y9-form of /mwi'-cinnamic acid is much more readily isomerized 
than the stable a-/ran.v-cinnamic acid which therefore yields on polymerization 
but little y3”truxinic acid and much a-truxillic acid. 

Experiments of this type are further complicated by the fact that some autoxi- 
flation to benzaldehyde and in some cases to benzoic acid also occurs. On long 
illumination of <ran6'-cinnannc acid the yield of the dimer, a-truxillic acid, decreases 
and that of benzaldehyde increases. Analogous results are obtained in the irradi- 
ation of cu-cinnamic acid. 

Stobbe and Zschoch found that the monomeric frawjr-ciiinamic acid in O.OOOIA/’ 
alcoholic solution absorbs light strongly, although its saturated dimer, a-truxillic 
acid, is almost completely transparent and begins to absorb only in a 40-mm. layer 
of a 0.001 AT solution. In a 10 -mm. layer of 0.01 V solutions, its end absorption 
begins at a wave-length about 600A units shorter than that of the monomer. This 
difference in absorption accounts for the differing effects of longer and shorter 
ultraviolet radiations on polymerization and depolymerization. Tliese compounds 
do not fluoresce. 

The quantum yields for the isomerization by the 3130A line have been found to 

Stobbe, H., B^r., 52B, 666 (1919); Stobbe, H.. and Steinberger, F. K, Bet., S5B, 2225 (1922). 
See also dc Jong, A. W. K.. Chem. Ahs,, W, 2683 (1922); 6, 2746 (1912); Stoermer, R., and 
Scholtz, F., Chem. Ahs., 15, 1888 (1921) and Stobbe, H., and Lchfeldt, A., Ber., 58B, 2415 (1925). 

Stobbe. H., and Zschoch, F., Ber., 60B. 457 (1927). 
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be as follows : Ciimamic acid, 0.003 molar, 0 . 61 ; 0.002 molar, 0.53 ; isociiinamic acid, 
0.003 molar, 0 . 21 ; 0.002 molar, 0 . 15 .^®^ 

Various derivatives of cinnamic acid are subject to similar transformations, Stobbe^® 
observed methyl fmwj-cimmmate to be converted to a small extent by six months of 
exposure to sunlight into methyl a-truxiliate (2.9 per cent; derived from the solid ester 
and 0.2 per cent of Liebermaim’s polyester formed from portions which had been melted 
by the heat of the sun. The remainder was unclianged. /ran.s-Cinnamide was in five 
months converted into a-truxilldiamide to the extent of 75 per cent. ^runj-Cinnamanilide 
remains unchanged after six months' exposure in the solid state or suspended in hydro- 
chloric acid. a//n-Cinnamic anhydride is converted into a mixture of 80 per cent trans-^ 
and 20 per cent n//n-anhydride witliout the production of /3-truxinic anhydride,^ but tratis-^ 
cinnamic anliydride remains unchanged, aside from slight resin formation. Cinnamalde- 
hyde, after eight months in sunlight, yields a mixture of OO per cent unchanged aldehyde, 
33 per cent cinnamic acid and 7 per cent polycinnamaldehyde, apparently a tetramer, 
which does not yield an oxime or react with ammoniacal silver nitrate or SchifTs 
reagent At least 91 per cent of «’bromocinnamic acid remains unchanged after seven 
months in sunlight or 375 hours in the light of a mercury vapor lanip; the remainder 
is converted by auioxidalion into oxalic acid, benzoic acid and free bromine. No polymer- 
ization or resin formation occurred. Gulland and Virden find the yellow irans-^ 
2-amino acid obtained by the reduction of 3,4,2',5'”tetraincthoxy-2-nitro-fran.y-a-phenyl- 
cinnamic acid, in alcoholic solution to give after several days in ultraviolet light, 7, 8,2', 5'- 
tetramethoxy-3-phenylcarbostyril. The action of ultraviolet light on the sodium salt of 
^raw^“2-nitro-3,4,2',5'-tetramelhoxy-a-phenylcinnamic acid gives a small yield of the 
cis form. 

o-Hydroxyciimaniic acid is oxidized by peracetic acid in darkness to cis-cis~muconic 
acid in very small amount; in light a more or less complete isomerization to the trail j- 
tram acid occurs.^®* m-riV- Muconic acid, in 96 per cent alcohol with a trace of iodine, 
is almost quantitatively rearranged into the trans-trous compound. 

Acids containing the cinnamylidcne residue and their nitriles have also been exten- 
sively investigated. Solutions of a-phenylcinnaniylidcneacetonitrile in benzene or chloro- 
form in either the presence or absence of iodine in sunlight form two dimers, one melting 
at 197°C. and the other at The former is ],3-diphenylcyc]obutane-2,4-diatropo- 

nitrile, also called l,3-diphenyI-2,4-6t.y- (i^-phenyl-jS-cyanovinyl) cyclobutane : 

CN - C-GHo = -- CJl = C- (Glh)CN. 


The isomerism of the two dimers may he of the cis-lrans type, depending on a difference 
of location of the phenyl and cyano- groups at one or both of the double bonds of the 
side chain, since on treatment with permanganate both yield a-truxillic acid 

According to Lohaus,^^^ exposure of a s(diition of the stable ethyl cinnaniylidcnecyano- 
acetate in ethvl alcohol in the presence of a little sulfuric acid gives after one day in 
sunlight a labile form. Further exposure of the crystalline material recovered yields a 
cyclobutane derivative previously described by Rcimer (1911, 1913). In the absence of 
sulfuric add, however, the original compound polymerizes to an open-chain dimer, 
melting^ at 165*^0, The labile form of ethyl cinnarnylidenc cvanoacetate is rapidly con- 
verted into its stable form when its alcoholic solution, containing iodine, is exposed to 
sunlight in quartz vessels. 

-Cinnamylideneacetic acid is converted into the normal (frans-trans) 
form bv irradiation of its solutions in the presence of iodine Equilibrium is attained 
when 90-pcr cent conversion has been effected, this equilibrium being independent of the 
concentration of iodine and the intensity of the light and hut little dependent on the 
temperature. Constant unimoleciilar rate constants could he obtained when coTicentra- 
tions of iodine greater than 0.024.V were user!, hut at lower concentrations the rate 

wVaMya, B, M, Pror Roy Soc , A129, 299 0910) 

«»8Slohbe. H.. Brr. 58B, 2859 (1925); Chrm Abs., 20, 1612 0926) 

•’“’Gulland. J M, and Virden, C. J,, /, Chrm Soi., 147$ 0928) 

•^ Grundmann, C., and Trischniann, H., Brr., Bfi9, 1755 (1936), Chnn Abs, , 30, fuO*! OSi3f.) 
.Stohbe, H , and Kulirmann, F., Bcr., 58B, 85 0925); 7. Chrm Soc., 128, I, 253 (1925). 

»««Lohaus, H. Annairn, 514, 137 (1934); Chem Abs.. 29, 1796 (1935) 

^ Ghosh, J. C, and Mitia, M. N., J. Indian Chem. Soc.. 3, 273 (1926); Brit Chem. Abs., 1927 A, .560. 
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constant for the forward reaction showed a gradual increase with time indicative of an 
induction period. This was observed only when freshly prepared solutions were used. 
With increasing iodine concentrations the rate constant passed through a maximum. 
The values of the constants decreased witli increasing initial concentrations of the coi;n- 
pound. They were proi>ortional to the intensity of the light (5000A). A quantum yield 
of 423 was found. Green light was most effective, then blue, yellow and red light.’^ 
The rates were highest in methanol, and decreased in other solvents in the order ethanol, 
mixtures of ethanol and water, and mixtures of chloroform and methanol. In chloro- 
form the rates were very low in comparison with those in solutions containing the 
hydroxyl group. For benzene or chloroform as solvents Ghosh, Murtlii and Das- 
Gupta’*** have suggested the following reactions as entering the mechanism, in which A 
represents the of/Zc-acid employed and B the normal acid formed- 

Is + hv > I 4- I 

I -f A > lA 

lA ^ I + B 

I + B ^ IB 

IB "b A — — 14 B 4' B. 

They also find that the rate constant increases with the light intensity, at first rapidly and 
then more slowly ; it also varies with the square root of tlie energy absorbed. 

Vorlander and Gieseler’^ find that exposure of a solution of the sodium salt of 
/ru^t.y-<rmu?-y5-metboxyciimamylideneacetic acid to ultraviolet light causes the formation 
of salts of two acids (or mixtures of acids), melting at 90-96® and 1 06-11 0“C., respec- 
tively, Both of these regenerate the original acid when their benzene solutions with 
iodine are exposed to sunlight Under these conditions, n//f?-/)-methoxycinnamylidenc- 
acetic acid is converted into the trans-lrans form. Cinnamylidene-m-nitroacetophenone 
yields, in lO-per cent chloroform solution after 15 days in sunlight or 12 hours in ultra- 
violet from a mcrcur\ lamp, a semisoHd substance which slowly forms a resin with a 
fracture like that of colophony,'*’ In this rcsinification, it differs from cinnamylidene- 
acetophenone, which polymerizes under the action of light.’*' 

The ability of dicinnarnalacetone to form insoluble, noncry^stalline products on expo- 
sure to light when exposed in a laver with shellac and a basic dye has led Seymour’*® 
to propO‘^e its use in photographicallv printing dyed relief images.’** 

The photochemical addition of bromine to a phcnylcinnamonitrile under con- 
ditions of .sliglp absorption of light proceeds at a rate proportional to the square 
root of the intensity and to the 1.5 power of the bromine concentration. Under con- 
ditions of total absorption, it is proportional to the square root of the intensity and 
to the bromine concentration. The temperature coefficient is 1.4. The dibromide, 
once formed, can also he pliotochemically decomposed in the presence of bromine, 
which acts as a sensitizer. The rate is retarded by the presence of a large excess 
of the nitrile. 

Jlalogenation of Cinnaviic Add. The rate of photohromination of cinnamic 
acid is dependent upon the form of the acid employed. The thermal rate for alio- 
cinnamic acid, melting at 68°r., is increased five-fold by yellow light, hut that of 
tlie ordinary acid (melting 133^C\> is increased forty-fold.^ Tn darkness, the 

Ghosh, J. C., Das Gui)la, D. N., T?oy, N C , and Ghatterjee, H. K., J. Phvs, Chem., 34, 2771 

rip^o). 

Ghosh, J. C, Mnrthi, D. S. N , and Das Gupta. D N , Z. physik. Chem., B26, 255, 267 (19,34). 

Vorlander, D„ and Gieseter, K, J prakt. Chem., 121, 247 (1929); Chem. Ahs., 23, 3912 (1929). 

5*iGiua, M., Gass. chim. ital., 55, 567 (1925); Chem Ahs., 20. 749 (1926). 

i^Stobbe, H., and Kiicker, C., Ber., 44. 869 (1911); Chem. Ahs., 5, 2253 (1911). 

.Seymour, M. W., U. S. P. 2,063,348, Dec. 8, 1936, to Eastman Kodak Co.; Chem. Ahs., 31, 621 
(1937). 

Hi pQf a study of the photodimcrs of cinncimalmalnnic acid, see Stobhe, H., Hensel, A., and Simon, W., 
/. prakt. Chem., 110, 129 (1925). 

3ifl Berthoud, A., and Nfeolct, G,, ileh>. Chim Acta, 10, 417 (1927); J. chjm. phys., 25, 40 (1928). 

Meyer, J., and Pukall, W., Z. physik. Chem., AHS, 360 (1929); sec also Padoa, M., apd Vita, N., 
Gass. chim. ital, 58, 3 (1928). 
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rate of bromination of the a^/o-acid melting: at 58^ C. is greater than that of the form 
melting at 68®, but the form melting at 42°C is more rapidly brominated than either 
of these. These differences led Meyer and Pukall to regard the thjree forms of the 
allo-zcxd as isomers, unexplained by ordinary stereochemical concepts, rather than 
as polymorphs. They were unable to obtain constant rate values by the use of 
yellow, blue or yellowish white light and the 133®C. ordinary cinnamic acid, but 
with red or green light found the reaction to be bimolecular. 

Yajnik and Uppal found that, for equimolar concentrations of bromine and 
cinnamic acid in either carbon disulfide, carbon tetrachloride or chloroform, the 
formula for unimolecular reactions gave sufficiently constant values for the rate 
constant. A temperature coefficient of 2.8, increasing with the wave-length used, 
was observed by Ghosh and Purkayastlia,^^® who found the velocity coefficient 
independent of the concentration of bromine. It increased with the initial concen- 
tration of the cinnamic acid and varied as the square root of the intensity of inci- 
dent blue light For green light, the increase was greater. They found that there 
was an induction period and an after-effect, from which they assumed the existence 
of a complex intermediate. Excited bromine molecules were considered to func- 
tion in the mechanism. One quantum of light was observed to form 426 molecules 
of dibromophenylpropionic acid in one experiment. Other values were, in carbon 
tetrachloride, 22 at 5330A and 43 at 4880 A, and in carbon disulfide, 101 and 156, 
respectively. Berthoud and Beraneck believed the velocity in carbpn tetra- 
chloride to be affected by an unknown catalyst, the effect of which they could not 
completely eliminate* They differed from the Indian workers in finding the reac- 
tion independent of the concentration of acceptors, such as cinnamic acid. With 
strong absorption, it was nearly first order with respect to bromine, but with weak 
absorption, it was of 3/2 order. The quantum yield was about 36 with a violet 
filter and 10 with a green filter. Rotating sectors, transmitting 50 and 25 per cent 
of the light, reduced the velocity to 65 and 43 per cent. This use of sectors has 
been criticized by the Indian workers. The mechanism of Berthoud assumes that 
bromine atoms participate in reaction chains. 

A + Br > ABr. 

ABr •+■ Br* > ABra + Br. 

Ghosh, Bhattacharya and Murthi find the combined effect of any two radiations 
selected from 546, 436 and 406 nift to be less than the sum of the two separate 
effects. 

Bauer and Daniels confirmed the chain nature of the reaction but found 
much lower quantum yields, 1 to 15 or more, varying with the concentration of 
the bromine and the temperature. The yields decrease linearly with dilution to 
unity at infinite dilution. The nature of the reaction was thought to be complex 
since, in addition to the primary process with a quantum yield of unity, it involved 
also a photo-excited thermal reaction which can be suppressed by the use of low 

Yajnik, N. A., and Uppal, H. L„ /. Indian Chem. Soc., 6, 729 (1929); Brit Chem Abs., 1930A, 
174. See also Mathur, K. G., Gupta, R. S., and Bhatnagar, S. S., Indian J. Physics, 2, 243 (1928) 
and Berthoud, A,, J. chim, phys., 26, 435 0929). 

Ghosh, J. C., and Purkayastha, R. M„ /. Indian Chem, Soc., 2, 261 (1925): Chem. Abs., 20, 1953 
(1926); Quart J. Indian Chem. Soc., 4, 409, 553 (1927); Brit Chem. Ahs., 1928A, 172, 256. 

■‘‘t® Berthoud A., and Beraneck, J., J, chim. phys. 24, 213 (1927); Helv. Chtm Acta, 10, 289 (1927). 
’*0 Ghosh, J. C., Bhattacharya, S. K., and Murthi, M. L. N., J. Indian Chem. Soc., 14, 452 (1937); 
Chem. Abs., 32, 4881 (1938). 

Bauer, W. H., and Banicls, F., J. Am. Chem. Sor., 56, 378 (1934); 56, 2014, 2564 (1934); see 
4»o C3hosh and Furkayaatha, J. Indian Chem. Soc., 235 (1933), and Ogg, R, A., Jr., /. Am. Chem. Soc., 
59,^^607 (1936). 
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bromine concentrations and low temperatures. They believed that this reaction 
forms an example of an energy chain carried by activated bromine molecules. 

In ether in diffuse sunlight at *-10®, cinnamic aldehyde adds the theoretical 
amount of bromine, but in brighter light, substitution also occurs. fran.f-Cinnamic 
acid in sunlight added practically the theoretical amount.^^^ w>Methoxycinnamic 
acid in boiling carbon tetrachloride gave (){,j8-dibromo-^, 3-niethoxyphenylpropi- 
onic acid. In darkness in acetic acid, there is a quantitative yield of the 6- Worn- 
derivative of the cinnamic acid and this is also formed in boiling acetic acid in 
sunlight. In boiling chloroform, a mixture of the two products forms. Analogous 
results are found with the ethyl ester in these solvents. 6-Brom-’derivatives of the 
methoxycinnamic acid, on bromination in carbon tetrachloride in sunlight give 
the )^-6-bromo-derivative of the propionic acid. a-Bromo-wi-methoxy-a/Zo-cinnamic 
acid is transformed into a-bromo-w-methoxycinnamic acid (the trans form) hy 
sunlight 

For the chlorination of cinnamic acid, Basu found, in carbon tetrachloride 
exposed to the full radiation from a quartz lamp, at 22.6^ C., a uni molecular rate 
constant of 3.8 X 10 with respect to chlorine. It was unaffected by changes in 
the cinnamic acid concentrations. In darkness, there was a constant of 4X10~®. 
At the wave-lengths 3665, 4040 and 4360 A, the quantum yields were 7, 4, and 2. 
Since no fluorescence could be observed, Basu proposed a mechanism involving, 
of the chlorine atoms produced in the primary process, only the excited ones as 
carriers of the chains. The chain length was thought to depend upon the amount 
of energy associated with the intermediary monochloride of cinnamic acid. Ber- 
thoud and Porret^®^ believed this reaction to follow the same laws as the photo- 
broniination. The life of a reaction chain was considered to be less than 0.02 
second. The quantum yields varied with the experimental conditions, being 2.4 
in one case. The rate was independent of the concentration of acid, and propor- 
tional to the chlorine concentration for total ab.sorption, or to the two-thirds power 
for weak absorption. It was also proportional to the square root the light 
intensity. 

Woods and Poulter believed they had demonstrated the ability of ultraviolet 
light to alter slightly the polarity of the double bond in cinnamic acid. When its 
solution in absolute ether was irradiated for an hour with the highly polar reagent 
hydrogen bromide, the residue after evaporation of the ether yielded to ligroin a 
small portion of material which on recovery from the solvent melted at about 50®C. 
and had phvsical properties verv similar to those of the compound CaHkCHo- 
CHBrCOOH.’se 

Coumarin, the inner lactone of (?-hydroxycinnamic acid, aLso possesses a double 
bond and is subject to reactions analagous to those of cinnamic acid. It exhibits 
two absorption maxima at 3200 and 3600A but when one or two hydroxyl groups 
are introduced into the benzene ring, the resulting products show only one absorp- 
tion maximum. It has been found that when certain immature plants, which when 
mature contain coumarin, are irradiated by a mercury- vapor lamp, the odor of 
coumarin becomes perceptible in a few minutes.^*^® 

IS® Diiquenois, P., Bull soc. chim., 4, 193 (1937). 

issBasu, K. P., Indian Chem, Soc., 6, 341 (1929); Otem. Ahs., 24, 784 (1930) 

^ Berthoud, A, and Porret, D, Helv. Chim. Acta, 17, 237 (1934). 

“s Woods, a M., and Poulter, T. C, Froc. Iowa Acad. Sci., 35, 2 1 7 (1928); Chem. Abs., 24, 1101 
(1930). 

For data on tlie pliotohroniination of «-phenylcinnamic acid, see Berthoud, A., and Porret, D., 
Helv. Chim. Acta, 17, 1548 (1934). 

is^Tasaki, T., Acta. Phytochm, 3, 21 (1927); Chem. Abs„ 22, 1543 (1928). 

Poufirnet, J., Comfit, rend., 151. 355, 566 (1910). 
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The photobromination of coumarin attains an equilibrium similar to that 
described by Berthoud and Nicolet for phenylcinnamonitrile. The rate of bromi- 
nation is greater in carbon tetrachloride than in chloroform, but the reverse is 
true of the thermal reaction. Williams finds that in ultraviolet light and with 
60 molar concentrations of coumarin and bromiiie, an equilibrium results in 25 
minutes in carbon tetrachloride at which time 85.6 per cent of the bromine had 
reactcxl. In chloroform, 65.8 per cent had reacted at equilibrium, reached in 45 
minutes. 

Considerable work has been done on the geometrical pholoisonierizations of 
coumarin and its derivatives. Although Perkin had noted the conversion of 
methylcoumarinic acid into methylcoumaric acid by sunlight, Stoermer found 
the tendency the other way in the coumaric acid series, the stable form changing 
to the labile in ultraviolet rays. Coumaric acid yields 75 per cent of coumarin, 
and methylcoumaric acid yields 75 per cent of methylcoumarinic acid, while ethyl- 
coumaric acid and acetylcoumaric acid are quantitatively changed to the corre- 
sponding coumarinic acids. Benzene or alcoholic solutions were used. Vaidya 
found the following quantum yields (3130A) for the transformation of coumaric 
acid : 0.005 molar, 0.031 : 0.002 molar, 0.023. 

Dey, Rao and .Seshadri have pointed out th^^t the esters undergo inversion 
more readily than the acids. The presence of a nitro- group in the benzene ring 
accelerates the transformation of both acids and esters hut a methoxyl group has 
the opposite effect. An alcoholic solution of o-coumaric acid formed coumarin in 
48~per cent yield after six hours of exposure to light and 65-pcr cent after 24 hours. 
The methyl and ethyl esters underwent 87- and 74 per cent conversion in 24 hours. 
Ordinary sunlight supplies the requisite energy for the transformation of the 
trans forms of the coumaric acids and their esters into the cis form with higher 
energy content. 

Other Aromatic Compounds wiTir Double Bonds in a Side Chain 

Styrenes. Smakula measured the absorption spectra of a number of 
polystyrenes of molecular weights 3,900 to 240,000. All showed an absorption 
band at 2600A, the intensity of which increased directly with the molecular weight, 
A comparison of their spectra with those of styrene and of ethylbenzene showed 
that the absorption bands belong to the phenyl radicals. 

Obviously, stereoisonieric forms of styrene, phcnylethylene, cannot exist because 
of the symmetry of the CH:>. The possibility of photoreaction is therefore limited 
to polymerization. Stobbe found that an equilibrium is set up between styrene 
and metastyrene. Styrene solution (5 per cent) showed the following changes in 
refractive index after 0. 20, 32, 95 and 230 hours of irradiation in Uviol tubes: 
1.49883, 1.49911, 1.49939, 1.4994, 1.4994. Metaslyrene showed the values: 1.50125, 
1.50125, 1.50125, 1.50116, 1.50116. The irradiated solution of styrene gave a pre- 
cipitate of metastyrene with alcohol : that of nietastyrene decolorized permanganate, 
but the solutions kept in darkness did not. 

Taylor and Vernon found the photopolynierization could be accelerated by 

w Williams, D. M.. /. Chem, Soc., 13R3 (1929). 
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previous storage of the styrene in contact with oxygen. After 144 hours in contact 
with hydrogen, styrene polymerized when irradiated in Pyrex at a rate of 5,85 
per cent per hour. When stored with oxygen, the rates were at the start, 6.39 
per cent; 48 hours, 9.14 per cent; 96 hours, 9.15 per cent and 144 hours, 10.25 
per cent per hour. Over oxygen, however, there is both oxidation as well as poly- 
merization. To obtain the true rate of polymerization, hydrogen-distilled samples 
must be used. The temperature coefficient of polymerization is 1.33 per 10° 
between 30° and 70° and slightly less, 1.27, between 70° and 100° C. From vis- 
cosity measurements it seems that the aggregates formed at higher temperatures 
were of much larger size than those formed at low temperatures. Quantum yields 
of 4 at 3000 to 4000A and 7.4 at 2536A indicate a chain mechanism. Hydroqui- 
none inhibits the change, partly by internal filtering and partly by deactivating 
collisions. 

A low-boiling form of nitro-<o-l)romostyrene, in which stereoisomerism is pos- 
sible, is converted into a high boiling form by exposure to ultraviolet light.^®*^ 

6u-Distyrylketonc is, according to Stobbe, Farber and readily depolyrnerized 

to distyrylkelone in the light of a mercury vapor lamp. Di-/»-methoxystyrylketone is 
polymerized, but its addition compounds with uranyl chloride or stannic chloride do not 
appear to yield a dimer when exposed to light. Methyl “7-kelopentadienedicarboxylate 

COOCH«--CPi— CII--CO---CH— CH-COOCH3 

II II 

COOCllr- Cli-^Cn- CO-AAi- -CH—COOCHa 

is readily converted by light into a dimer not oxidized by permanganate and not capable 
of decolorizing bromine Under analogous conditions, ethyl 7-ketopentadienedicarboxylate 
appears to suffer deep oxidative fission. 

Exposure of an alc<.)holir sohitton of the yellow form of 2>hydroxystyrylmethyl ketone 
to rays of short wave-length from a quartz mercury vapor lamp for 24 hours produces 
a complete transformation to the coloiless 

Derivatives of bcn/oylethyleno also exhibit geometrical isomerizatiors. Trans- 
a,^-/n',v(2,4-dimcthyll)enzoyl) ethylene, on exposure to light, becomes coated with 
the cis isomer, which appears to revert slowly to the trans form on recrystalliza- 
tion.^*^® CK-Chloro(libcnzoylethylene is transformetl into the /?- isomer by exposing 
a chloroform solution containing a trace of dibcnzoyl- a,/i^-dichloroetbane to strong 
sunlight for two hours Dibenzovlbromoetliylene is not, however, changed by sun 
light. Dibenzoyidichlorocthylene exists in two forms: a, melting at 63'65°C. is 
more soluble in chloroform than the melting at 162°C. The former is 

transformed into the latter liy strong sunlight. Similar transformation occurs 
also in the case of the dibromo-dcrivative.^^^ Sunlight also isornerizes the yellow 
benzoylethylene phenyl sulfone, as well as /J-bromo-^-benzoylvinyl phenyl sulfone, 
to colorless isomers witli altered melting points.^ 

Von Halhan and Gcigel have shown that, in the case of tetrabenzo 3 dethylenc, 
an irreversible chemical change rapidly follows a primary phototropic process. 
Von Ilalban and Rast state that when it is dissolved in acetic acid, concentrated 
sulfuric acid or sodium ethylate, a monohydrate can be crystallized out. On fur- 

^ooDann, A. T., Howard, A., and Davies, W., J Chem, Soc\, 607 (1928). 
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ther illuminatjon, a colorless powder, melting at 300° C*, very slightly soluble and 
of unknown molecular weight is obtained, apparently as the result of an internal 
oxidation. The corresponding reduction product can not, however, be obtained. 
In indifferent solvents, a yellow substance is formed. The quantum yields for the 
conversion of cw- into trans-stilhaie in hexane solutions by various mercury lines 
are, according to Smakula,^^^ 3130A, 1.01; 3020A, 0.73; 2650A, 0.73; 2260A, 0.41; 
1930A, 0.36. 

Mercury arc irradiation of biphenylenethylene in ether completes its polymer- 
ization in two hours. The polymer when heated at 300-330° gives fiuorene, methyl- 
fluorene, and a small quantity of a yellow hydrocarbon, QjHioi with blue fluor- 
escence in benzene. 

Chalcone. The condensation product of benzaldehyde and acetophenone, benzylidene- 
acctophenone, is known as chalcone. On irradiation, it forms two dimcrs.^'^ The dimer 
A, melting at 124 **0. (truxinic ketone type) undergoes some decomposition (probably 
a depolymerization) with production of brown resins, when irradiated by sunlight or 
tlie mercury arc either as solid or in solution. The other dimer, B, (truxilUc ketone 
type) is decomposed only to a slight extent by irradiation in llie solid state or in chloro- 
form solution. 

Irradiation of chalcone in solution gives the dimer A only, the yields being about 
30 to 35 per cent in the solvents acetic acid, chloroform, or etlaanoL Less is formed in 
benzene solution. The yield is not affected by the presence or absence of oxygen, or 
hydrochloric acid or of erythrosine. In the presence of chlorophyll, however, the yield 
is cut to one-third its usual value and 1 to 1.5 per cent of dimer B is also formed. 

Still a third dimer, C, was obtained to the extent of 7.5 per cent in one experiment 
in which a benzene solution was irradiated by a quartz mercury arc. Irradiation in the 
solid state or in suspension produces both the dimers A and B, the yield of the latter 
decreasing with the use of progressively shorter wave-lengths. 

The results are to be compared with those of cinnamic acid and of the methyl esters 
of benzalpyruvic acid. With chalcone in solution, there is polymerization rather than 
isomerization, but the cinnamic acids in solution isomer ize rather than polymerize. The 
production of the lower melting truxinic ketone type of dimer from chalcone in solution 
and of the higher melting truxillic ketone type in the solid state process agrees with the 
behavior of the benzalpyruvate esters. 

The absorptiem spectra of chalcone, dihydrochalcone and the dimers conform to tlie 
general rule^’’^ that the curves of dimers lie between those of the monomer and of the 
saturated dihydro- compound. Stobbe and Bremer also reported data on various methyl 
and methoxy chalcones. In general, it was found that unsubstituted chalcone and all 
p- or /»'-monosubstituted chalcones tended to polymerize in light. On the other hand, 
^/»'-disubstituted ones resisted this process and in most instances exhibited a great ten- 
dency to resinification. Solid 3, 4-methylenedioxy chalcone was apparently unaffected. 

No general relation between light-sensitivity and constitution could be found between 
the various chalcones and the corresponding cinnamic acids. Chalcones with an a-substi- 
tuted ethylene, ArCH===CR~-COAr, readily isomerize when R is a methyl or phenyl 
group, but not when it is an acetyl or CC^OCbHr. In neither case did polymerization 
occur. The only /3- substituted chalcone examined (dypnone or /3-methylchalcone) was 
unaffected by ultraviolet light when exposed alone or in solution. In the similarly con- 
stituted cinnamic acids, either a- or /5-substitution generally hinders polymerization, 
although exceptions are known. 

Exposure of the anti- oxime of chalcone to ultraviolet light produced a certain amount 
of discoloration but no polymerization. The a-semicarbazone, which melts at 168® C., 
yielded equal quantities of resin and unchanged product, but the form with melting point 
between 179® and 180®C. readily underwent a peculiar transformation to a yellow 
isomer.^™ It was shown later by Stobbe and Bremer^™ that both the a- and 7 -chalcone 

iw Smakula, A., Z. physik. Chem, 25B, 90 <1934). 
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semicatbazones^ which are stable in darkness, become yellow when exposed to ultraviolet 
light the change occurring readily in diffuse daylight in the case of the 7 -compound. 
In alcohol or chloroform, both yellow forms give colorless solutions. These on concen- 
tration in darkness yield the colorless form, but in light the yellow form. The colorless 
form$ give yellow solutions in alcoholic sodium alkoxide, sodium hydroxide or piperidine, 
acidification restoring the colorless form. They suggest that the yellow color in sodium 
alkoxide solution is not due to stereoisomerism as had been suggested by Heilbron and 
Wilson, but to salt formation within the urea portion of the molecule. 

R:N.NH.C0.NH2 > R:NNH.C(OH) :NH or R: N . N : C(OH), NHa in 

which R is CHGHb : CH . CGHs : . Similarly, the yellow forms obtained on exposure 
of the colorless semicarbazone are equilibrium mixtures of the keto-form with the art- 
forms. 

It was found that in general, the 7-forms of substituted chalcone semicarbazones are 
less light-stable than the a-forms and become colored in diffuse daylight. Both forms 
are colored by fifteen minutes of exposure to ultraviolet light. Comparison with the 
semicarbazone of 4Cmethyldihydrochalcone and other saturated aromatic and aliphatic 
ketones and with various arvlideneacetoncs showed that only the derivatives of unsatu- 
rated ketones become colored on exposure to ultraviolet light, or give colored solutions 
in sodium ethoxide, or enol tests with ferric chloride. The tautomeric change is ffxere- 
fore believed to be dependent upon the presence of conjugated double linkings. 

Methyl benzalpyruvate, on exposure in dry form to sunlight, gives a small 
quantity of a polymeric ester, melting at and an oil, which may be a 

mixture of isomers and decomposition products. In benzene solution there was 
also formed, as previously noted, a pol>Tner melting at I17®C. The behavior of 
the higher-melting polymer led Rcimer to assign it a structure of the truxillic 
acid series, the lower-melting form being assigned to the tnixinic acids. The 
formation of the latter was explained hv assuming, as in the case of the cinnamic 
acids, that in solution isomerization first occurred, the product polymerizing. It 
was pointed out that it is unusual for polymerization of this type of substance to 
occur in solution, although a few cases had been described.^®' 

It was found by Rice that the yellow methyl and ethyl esters of benzoyl- 
acrylic acids arc transformed in sunlight into the corresponding colorless stereo- 
isomeric esters. The reverse transformation takes place when solutions containing 
a trace of iodine or bromine are exposed to sunlight. The />-methoxybenzoyl (and 
ethoxy) acrylic esters behave siinilarly. 

Bogert and Ritter stated that /^-benzoylacrylic acid is not isomerized by 
iiltra\iolet light, but Rice later states that methyl /^-phenoxybenzoylacrylate is 
changed in benzene solution by sunlight from the stable yellow form to the labile, 
colorless isomer. The reverse change is effected by the addition of a trace of 
iodine to the benzene solution. When the yellow modification is exposed as a 
thin layer of solid, it is rapidly converted to a colorless polymer, C'uH2^0s. Rice, 
however, agrees that free /^-phenoxyhenzoylacrylic acid is not changed by sun- 
Hglit in benzene solution. In cool weather, it is also unchangf’d when exposed as 
a solid, but in hot weather it becomes coated with a carrot-colored layer. She 
also shows that sunlight transforms the yellow form of methyl bronio-5-bromo-2,4- 
dimethoxybenzoyl acrylate into the colorless form.^®'' da Costa obtained m-a- 
methyl-/3-anisylacrylic acid and ru-/5-mcthyl-^-anisylacrylic acid by irradiation 
of aqueous solutions of the sodium salts of the corresponding tra«.v-acids. 

>«oKeimer. M.. /. Am. Chem. Soc., 46, 783 (1924). 

Ciamician, G., and Silbcr, P., Ber., 42, 1388 (1909); Stohbe, H,, and Pucker, C., Ber., 44, 869 
(1911); ReJmer. M., and Keller, E., Am. Chem J„ 50, 157 (1913). 

'«®Pice, G. P., /. Am. Chem. Soc , AS, 222 (1923); 46, 214 , 2319 (1924). 

Bogert, M, T., and Ritter, J. J., /. Am. Chem. Soc., 47, 526 (1925). 

Rice, G. P., /. Am. Chem. Soc., 48, 269 (1926). 

^««Ricc, G. P.. J. Am. Chem. Soc., 50, 1481 (1928), 

^***da Costa, R. M., Compt. rend., 198, 1996 (1934). 



492 


THE CHEMICAL ACTION OF ULTRAVIOLET RAYS 


Reimer^®^ discussed the dtfTcrence in behavior of the henzalpyruvates and th 
benzoylacrylic acids just described. 

GHnCH-^CHCOCOOR GHsCOCH-^CPICOOR 

Hensialpynrvates Benzoylacrylates 

The system of conj unrated double bonds is the same in each case, but its relatioi 
to the phenyl and carboxyl ^^roups differs. The representatives of the first poly 
nierize but those of the second isomerize instead. Miss Rcinier later found 
that benzalpyruvic acids in which methoxyl jG^roups are substituted in the nucleu 
are less affected by sunlig-ht. The most active substance is colorless /?-bromo 
benzalp 3 TUvic acid.^^® Its benzene solutions become lemon-yellow in two o 
three days in diffused light. Direct sunlight fades this to colorless, the coloi 
reappearing after removal from sunlight. The color change can be repeated mani 
times and is remarkably sensitive to changes in intensity. From the decolorize( 
solutions, a white crystalline dimer was isolated. It became brilliantly ycllov 
overnight. The yellow form is regarded as a geometrical isomer of the origina 
acid. 

In stoppered tubes, there is also a pliotodecomposition of some of the com 
pounds producing hydrogen bromide. The yellow form and the polymer are nol 
obtained, but brown decomposition products result. Exposure of the original 
acid without a solvent yields slowly, without the formation of a colored inter- 
mediate, a crystalline dimer isomeric with that formed in benzene solution. 

In the presence of oxygen, the benzene solution forms, in addition to the dimer 
a bromoacid, apparently by the addition of the elements of hypobromous acid tc 
the original unsaturated acid. When the benzene contains moisture, colorless 
crystals of a saturated, bromine-free acid, CtoIIioO(;, are also formed ])y photo- 
chemical ‘^hydroxylation** at the double bond. 

The polymerization products are cyclobutane derivatives. Ellingboe and 
Fusoni®<» found that ultraviolet light has little or no effect on trafisAMllhcnzoyl- 
cyclobutane in benzene. According to Vorlander and Daehn 7-phenylhepta- 
trienic acid and its sodium salt in aejueous suspension are strikingly stable, ultra- 
violet light decomposing only a small portion. 

In benzene solution, 3-phcnyl-2-melhylindone gives rise to two diphenyl- 
dimethyltruxoncs, one being while and melting at 3()7-308°C. and the other pale 
canary-yellow, melting at 259-260® C. 


ro 

' I ' r I 

/ CMf*- CPb — \ / 

CD 

The.se compounds react with concentrated sulfuric acid to form 3-phenyl-2-mcthyl- 
indone. When the latter is exposed in benzene solution to the action of ordinary 

Rcimer, M., J. Am Chem. Soc., 46, 783 (1924). 

Rfimfr, M., Tobin. E., 

and Schanner, M., Ibtd., 57, 211 (1935). 

I'^Keimer, M., 7. Am, Chem, Soc,, 58, 1108 (1936) 

iWElliuRboe, E., and Fnson, R. C., 7. Am. Chem, Soc., 56, 1774 (1934). 

^Vorlander, D,, and Dacbn, E., Ber., 62B, 545 (1929). 

^DeFaxi, R., Gaesr. chim. ital., 54, 85, 1000 (1924); 57, 551 (1927). 
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sunlight, the truxone melting at 307-8^ C. is formed, together with what appeared 
to be a third isomer, yellow crystals of melting point 174-176°C, A third diphenyl- 
truxone, CaoH^oOg, yellow needles, m.p. 184-5 is obtained when the colorless 
isomers formed by treating ethyl ^,/:^-diphenyl-lactate with concentrated sulfuric 
acid are exposed in benzene solution to ultraviolet rays. Ethylphenylindone does 
not give truxoncs when irradiated. Prolonged action of ultraviolet light on the 
3()7“8^'‘C. isomer of dimethyldiphenyltruxone in benzene converts it into methyl- 
phenylindone, 

Bodforss found that bcnzoylphenylethylenc oxide, benzoyl-wi-nitrophenyl- 
ethylene oxide, and benzoyl-p-chlorophenylethylene oxide undergo rearrangement 
into phenyl oc-hydroxystyryl ketones with increasing readiness when their solutions 
in methyl alcohol are exposed to a mercury lamp. The yields of the isomers are 
very small, but their presence can be demonstrated by the ferric chloride test for 
enols and by the precipitation of copper salts, from which they can be isolated. 

Some of these transformations are pliototropic, that is, the changes produced by 
light are reversed in darkness. This is notably the case with tlie fulgides studied 
particularly by StobbeJ**^ These are aryl derivatives of butadiencdicarboxylic acid. 
Triphcnylfulgide forms orange-red crystals whicli become dark brown in sunlight or in 
the rays of an arc lamp and which revert to their original color in clarkue»s. The brown 
and orange forms seemed to be chemically identical. If the phototropic diangc is fre- 
quently repeated, the difference between the shade.s of the two forms becomes gradually 
less, a chemical change taking place which leads finally to the conversion of the fulgide 
into a new substance, the photoanhydride, 

Phototroi>ic change in these compounds was observed only in the case of the lemon- 
yellow to orangc-red diaryl and the orange-red to dark red triarylfulgidcs ; the colorless 
alphyl, grecnish-ycllow to yellow monoaryl and red, purple-red or brown or tetra- 
arylfulgides are not phototrojiic. The modifications of a phototropic substance can exist 
111 the pure state only during exposure to the wave-length of light which forms them 
since they revert in darkness to a mixture or solid solution of more than one form 
The equilibrium between the two modifications in a mixture depends on the wave-lengths 
of light (and their relative intensities) to which it is exposed. 

The phototropy of other substances than the fulgides lias also been studied by 
Stobbe.^*^ Red and blue rays have no action in reversing the color change \ roduced by 
ultraviolet light on colorless / 3 -teirachloro-«-ketonaphtlialene, only yellowish-green and 
yellowish ra3"s being effective A complete discussion of the many instances of photo- 
tropy would consume much space 

SrEKEOI.SOMERISM OF OxiMES 

Stereoisomer 1 C changes about the carbon-nitrogen double bond in the benzald- 
oximes also occur. Ciatnician and Silber sbowe<l the nitrobenz-.vyH-aldoximes 
to be changed to the anii form when their benzene solutions w'ere exposed in glass 
tubes to sunlight. (Tt must be noted that these and other workers used the con- 
figurations in the sense opposite to that at present accepted. Thus, they stated 

Bodfoiss, S , Brr.. 51, 214 CIPKS), ( lu'm Ah^ , 12, 2SS4 ( 1 <? 18 ); J Chrm. Sor , 114, 1, 232. 

'"‘Stobbe, n, Annalcft, 359, 1 (1908), /. Chvm Soc., 94, Jl, 339 (1908). 

StobI.e. H, Brr Vnhandl. SuAn Akad H ns. Lnl’sh 74, 1()1 (1922); Chem Ahs , 17, 3020 
(1923) 

iw) poj- (Jetujls, tlic .iititles ( itcd m (Tiaptei l<> Fen beiizybdetic-, anisylidtnie- atid 

ciUTimyUdenehydra/oiR’s, BjU/ 11, and Wjcnand'', A., Annalcn, 308, 1 (1899); J Chetti JSoc., 76, 
910 (1899); letrapbt'H\ldthydroti nuinf. v. Walthcr, K., J. Chrm, Sor, 84, i, 582 (1903); ethyl oxatiso- 
butyrate, Wislicenus, W., and Kiesewetter, M. J Chom Soc , 74, i, 240 US98); tv-.azoxvnaphthaleTie, 
nunminp;, W M., rind Steel, J. K., / C/irm Soc, 123, 2104 (1923); teli abenzovlethylene. vosi Halban, 
TI., and Geijfel, ll., Z. phvsik' Chem , 96, 233 (1920), atiunoarvldi-sul foxides, ('hild, R., and Srmles, S., 
J, Chem. Soc., 2696 (1926): diphenylacyldiphenylniethanc, de FaTvalho, A. P.. Conipt rend, 200, 60 
(193 5). For further data on the fulgidov, ■see Oiet/el. R , and Natoti, J , Bcr., 58B, 1314 (1925), Stobbe. 
H , Ljunsren, G,, and Freybcrff. J., Ber., S9B, 265 (1926); or-y-dtphcnylallyl ether, Shoppee, C. W., J. 
Chem ^oc , 2 5 67 (1928)* For ^‘reversed phototropv/’ ^ee Ueilbton, I M , and Wilson K. J , J. Chem. 
Soc.. 105, 2892 (1914) and HeiHiron, I. M., Hudson, 11 E, and Huish, D M.. ibid., 123, 2273 (1923), 

Ciamician, G., and Silbei, P., Ber. 36, 4268 (1903). 
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that the anti forms were converted to the syn forms.) Ciusa reported simila 
changes in the case of />-chloro* and 3-nitro-o-niethoxybenZ''jr3w-aldoximes. H 
was unable to observe the conversion in the case of unsubstituted benz-jryw-aldoxim 
or of 3,4-inetliylenedioxy-^yH*-aldoxime, and inferred that the presence of a nega 
tive substituent is necessary for the change to occur. By the use of a quart 
mercury arc, however, Brady and McHugh showed that this is not the cas 
and that the conversions can be effected. The change occurred in all but two o 
a series of 24 aldoximes and their derivatives. 3,4-Dimethoxybenz~jyn“aldoxim' 
underwent no change and 5-brorno-3,4-dimethoxybenz-.yy«*'aldoxime suffere< 
demethylation to S-bromo-3-methoxy 4-hydroxybenz~.yyn-aldoxime. The niethy 
ether of benzaldoxime is decomposed by ultraviolet with the formation of benzo 
nitrile, but the methyl ether of 7H*nitrobenzaldoxime undergoes no change. Thi 
methyl ethers of w- and /)-nitrobenz>-.yy»*aldoximes are partially isomerized, con 
firming earlier results obtained with sunlight, but not so rapidly or complete!: 
as in the case of the oximes themselves. In subsequent work, Brady and Klein 
succeeded in effecting the conversion in the a“0-/>-nitrobenzyl ethers of o-, m- an< 
/^-aldoximes, of 3,4-methylenedioxybenzaldoxime, of o- and />-methoxybenzaldoxime 
of 3-nitro-4-methoxybenzaldoxinie, and of 5 nitro-2-niethoxybenzaldoximc, as wel 
as in a-0-metliyT6-nitro-3,4-methylenedioxbenzaIdoximc. Although similar treat 
ment of the a-0'methyl-3“nitro-4-niethoxyl)enzaldoxime resulted in partial inver 
sion, the product could not be separated into its components. Brady and Peakin 
found that, apart from slight but profound decomposition, w-nitrobenzodimethyl 
amidoxime is unchanged by exposure, in benzene solution in a silica vessel for 4i 
hours to the light of a quartz mercury lamp.-^** 

The isomeric changes of the semicarbazones, particularly of cinnamaldehyde 
have been discussed in previous paragraphs and it has been pointed out tliat sc>m< 
workers believe the changes can be attributed to tautomcrisrn within the urea por 
tion of the molecule without the necessity of considering stereoisomerism about th( 
double bonds in other portions of the molecule. On exposing solutions of the 
semicarbazones of dypnonc and jihcnyPjl^-phenylstyryl ketone, and the mesity 
oxide->8“phenylsemicarbazones to a quartz mercury lamp, Wilson and Macaulay 
observed that stereoisomers are formed. Attempts to prepare stereoisomers of the 
semicarbazones of benzylacetone, benzylacetophenonc, methyl styryl ketone anc 
styryiisobutenyl ketone gave negative results. 

Phototropy is observed in many semicarbazones. Gheorghiu and Arwentiew fine 
the semicarbazone resulting from the condensation of metliyl isobutyl ketone with anis< 
aldehyde to become colored in diffused light, a general property of the semicarbazones 
of the aldehyde condensation products with ketones in the a- but not in the 7 -position 
Although the semicarbazones of ethylenic ketones of the type ArCH— CHCOR, in whici 
Ar is aryl and R either alkyl or aryl, resulting from the alkaline condensation of methyl 
ketones with aromatic aldehydes are phototropic, those of the ketones ArCH=CRCOCH. 

Chisa, R., Atti R. Accad, Lincei, 15, li, 721 (1906). 

Brady, O. L., and McHugh, G. P,, J. Chem Soc., 125, 547 (1924) 

«»See Brady, O, L.. and Dunn, F. P., /. Chem Soc„ 123, 1790 (1923). 

Brady, O. L., and Dunn, F. P., 7. Chem. Soc., 103, 1624 (1913). 

1“® Brady, O. L., and Klein, L., 7. Chem. Soc,, 874 (1927)* 

»» Brady, O. L , and Peakin, F. H., 7. Chem. Soc., 2269 (1929)- 

absorption data on various oximes and semicarbazones, see Rauiart-Lucas, Mme., and Grume/ 
M,, Bull, soc chtm., 53, 75.3 (1933); Ramart-Lueas, Mme., and Bruzau, Mme,, Bull. soc. chim., 11 
119 (1934), For thlocyanoacetoneoxime, Ponoinaiev, F. G., Alpatov, D. M., and Strepetov, N. P 
Acta Univ. Vojonegiensis, 9, No. 3, 132 (1937); Chem. Ahs., 32, 7021 (1938). 

Wilson, F. J., and Macaulay, R. M.. /. Chem. Soc., 125, 841 (1924). 

Chcorghiu, C. V., and Aiwcnticw, B., Aun. sex. Univ. Jassy, 16, 536 (1931); Chem. Ahs,, 26, 
4)S04 (1932); see also Dickinson, R., Heilbron, L M., and Irving, F., 7. Chem. Soc., 1888 (1927). 
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obtained by acid condensation are stable to Since the phototropy is connected 

with the presence of double bonds conjugated with the benzene nucleus, all changes 
disturbing the conjugation tend to diminish or eliminate the phenomenon. It is probable 
that the phototropic change consists in a shift of the valence electrons brought about by 
the action of light. 

The tliiosemicarbazones and 5-phenylsemicarbazones of the ethylenic ketones of the 
type ArCH=CHCOR are always phototropic.®* 

Aromatic Amines 

The spectrum of aniline vapor includes 185 lines and bands between 1980 and 
2632A and a continuous zone from 2632A.2<>» Savard found for the excitation 
energies of three electronic states 97.9, 99.2 and 102 kcal. The energy of dissocia- 
tion into CciHgNH and a hydrogen atom is 108 kcal.^^® 

By studying the change in the ultraviolet absorption of solutions with change 
in pH, Hammett, Dingwall and Flexser^n determined its divssociation constant. 
The well-known photochemical discoloration of aniline 2112 is believed to be an 
oxidation. It is furthered by the presence of o- and />-phenylenediamine as impu- 
rities, but is retarded by the w-isomer and is almost completely inhibited in the 
absence of oxygen. It is also retarded by minute amounts of sodium sulfide or 
oxalic acid, or by contact with emery- surfaced zinc or iron plates, either untreated 
or previously boiled with 20-per cent sodium sulfide. On the other hand, if iron 
plates are cleaned by heating with dilute sulfuric acid, they accelerate the reaction 
even though they have been treated with sodium sulfide. Mild heating over a gas 
llame somewhat restores the preserving action. Partially rusted iron plates after 
boiling with 2()-per cent sodium sulfide also retard the oxidation. These experi- 
ments were conducted to develop methods for the storage and transportation of 
aniline in iron drums. In the method recommended, the drums were flushed with 
hot water, and without further cleaning were boiled with 5- to 20-per cent sodium 
sulfide, sealed, allowed to cool, emptied, flushed with water and then twice with 
aniline and filled as soon as possible to avoid oxidation of the iron sulfide film. 
Yamanaka believes light of the range 5100 to 3000A, and especially 4957 to 
4300A to be most efifcclive in producing the color. On the other hand, Freytag,^!^ 
by exposing strips of hardened filter paper impregnated with aqueous or akohidic 
solutions of 18 primary amines behind a quartz spectrograph, found the majority 
of them to be sensitive only to tiltraviolet light of wave lengths less than 31 30 A. 
The intensity of the color de\ eloped varied greatlv w ith the wave-length employed. 
He finds ultraviolet to markedly accelerate aniline black dyeing. Photographic 
negatives may be printed on cotton fabric impregnated wdth a 1- to 25-per cent 
solution of aniline hydrochloride containing five drops of potassium ferricyanide 
and 18 to 24 drops of 10-per cent aqueous potassium chlorate solution per 30 cc., 

Gheorghiu. C. V., Bull, soc chim . 53, 1441 (1933). 

(Jheorghiu, C. V., Bull, soc. chim., 1, 97 (1934). 

Savard, J., Compt. rend, 190, 678 (1930); Bull. soc. chim., 53, 1404 (1933). 

*^«See also, Horio, M., / Soc. Chem. Ind. Japan, 37. Suppl 284 (1934). For a comparison of the 
"Spectra of aniline ana acetanilidr, sec Klmgstedt, F. W., Z. physik. Chem., IB, 74 (1928). Ben^ylaminc, 
Lev, ir., arid Volbert, F., Bet., 59B, 2119 (1926) Nitrosodimethylanilmc, Custers, J. F. H., and Dippel, 
C. J., Z. Physik, 86, 516 (1933). Nitroanilmes, Glotz, G., Bull. soc. chim., 1, 1148 (1934). Toluldmes, 
Morton, R. A., and McCiiookm, A., /. Chem Soc^ 901 (1934). Arylamines, Ramart-Lucas, Mme., and 
Wohl, Mile., Compt. rend., 196, 1804 (1933).^ For fluorescence studies on amines, see Lumi^re, A., 
liUrai&re, L., and Seyewetz, A., Bull. soc. chim., 37, 700 (1925). 

Hammett, E. P.. Dingwall, A., and Flexser, L., J, Am Chem. Soc , 56, 2010 (1954). 

Bulich, P, K., Anilinokrasochnaya Prom. 3, 405 (1933); Chem. Abs., 28, 1335 (1934). 

®'*Yamanaka, T.. Bull Inst. Phys-Chem. Research (Tokyo), 14, 396 (1935); Chem. Abs., 30, 1754 
(1936). 

®^*Freytag, H., Z. wise. Phot., 33, 33 (1934); Brit. Chem. Abs., 1934A, 740. 

®^«Freytag, H., Mellimd. Textilher., 13, 144 (1932); Chem. Abs., 27, 1834 (1933). 
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exposing for fifteen minutes to ultraviolet light and washing away the unchanged 
aniline with water. 

The reactions between aniline and nitrobenzene which occur during a five 
months' exposure to summer sunlight in sealed tubes have been studied by Vec- 
chiolti and Piccinini.-^® The liquid became red-brown but was neutral in reaction 
and evolved no gas. Among the compounds identified were, besides unchanged 
nitrobenzene and resin, (7-hydroxyazobenzene, azoxyhenzene and a small quantity 
of /^-aminophenol. The results are explained by regarditig the initial reaction as 
a simultaneous oxidation and reductirm of nitrobenzene forming nitrosobenzene and 
phenylh 3 ^droxylamine. The nitrosobenzene reacts with the phenylhydroxylaminc 
to yield water and azoxybenzene, the latter then transforming into e-hydroxyazo- 
benzene. The great tendency of phenylhydroxyl amine to change to p-aininophenol 
accounts for the presence of this material. Decomposition products of nitrosoben- 
zene probably enter into other secondary reactions. 

In the reaction between toluene and nitrobenzene there were obtained,^ in 
addition to benzoic acid and p-aminophenol, aniline and azoxybenzene. The ben- 
zoic acid is formed by oxidation of toluene by nitrobenzene which is reduced to 
nitrosobenzene. A molecule of unaltered nitrobenzene reacts with three of benz- 
aldehyde, an intermediate oxidation prodtict, to produce two of benzoic acid and 
one of benzoylaniline. The latter is then hydroh^zed to aniline and benzoic acid. 
Henzoylanilinc also may be formed along with benzoic acid by the interaction of 
nittosobenzene with two molecules of benzaldchyde.-^^ Azoxybenzene may be 
formed either by the interaction of nitrosobenzene and benzaldehyde or, by analogy 
with reaction of nitrosobenzene and phenylhydroxylamine, by the interaction 
of nitrosobenzene and bcnzoylphenylhydroxylamine It might also be produced by 
a reaction between nitrosobenzene and />-OliCe,H 4 NHCOC(;H 5 . The compounds 
required for the last two processes were not isolated although their formation is 
conceivable. According to Knipscheerr^® o-bydroxyazobenzene is formed by the 
action of light on azoxybenzene, but it was not identified by the Italian observers 
The aniline is partly oxidized to phenylhydroxylamine, which under the influence 
of light, forms />-aminophenol. 

The action of sunlight for six months on a mixture of o-nitrotoluene and 
aniline gave a product containing /> -ami nophenol, 2'-methylazoxybcnzene. and an 
isomer of the latter, probably a benzeneazocresol.-^® 

Plisov made some preliminary experiments on the photochemical formation 
of salts of aromatic amines with alkyl halides in an attempt to determine whether 
the activation of the amine or of the halide is the determining factor in the reac- 
tion. Photochemical action is more evident in the combination of aniline with 
benzyl chloride than in the case of o-toluidine and benzyl chloride. In the former 
case, the yield in three hours increased from 15 per cent in darkness to 82 per cent 
under irradiation in a quartz vessel by an arc. 

Migrations in N-Substituted Amines. Blanksma ^^2 has noted that acetyl- 
chloroaminobenzene is altered by light, following the general rule that the radicals 

Vecchiotti, L., and Piccmmi, C,, Gasz. chtm Hal., 51, 626 (1931). 

Vecchiptti, L, and JZanetti, G., Cetzsr. chtm. Hal , 61, 798 <1931). 

Bamberger, E., Bcr., 35, 1606 (1902); Ciamician, G,, and Silber, P., Atti accad. Lincei, 14, 265 
(1905). 

Knipsvcbeer, H. M,, Rec trav. rhim . 22, 1 (1903) 

Vecchiotti, L., and Piccinlni, C., Gass. thtm. Hal., 63, 112, 3 1 9 (1933); Bnt. Chem Abs., A, 
602 (1934). 

Plisov, A. K,, Gass, chim, Hal., 59, 200 (1929); Chem Ahs., 23, 4198 (1929). 

^ Blanksma, J. J., Proc. K. Akad. Wetensch. Amsterdam, 5, 178 (1902); I. Chem. Soc., 82, tl, 646 
(1902). 
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Br, Q, NO 2 , NO and 0, attached to nitrogen, change places, under the influence 
of sunlight, with a hydrogen atom in the nucleus. Chattaway and Orton also made 
some velocity measurements on the transformation of the compound in sunlight, 
and had previously studied the thermal reaction for which Armstrong found a 
trace of hydrogen chloride essential. Mathews and Williamson have studied 
the reaction in solutions in benzene, alcohol and acetic acid, using a quartz mercury 
lamp. The solvent exerts a marked effect, but hydrochloric acid is not required for 
the photoreactiom The addition of water to an alcoholic or glacial acetic acid 
solution greatly diminishes the velocity of the photo- decomposition. In the absence 
of water, the reaction in these solvents proceeds without the action of radiation, 
after having been started in this manner. In the presence of water, this effect is 
lacking and the reaction is truly photochemical. 

Porter and Wilbur, who presented data on the absorption of ultraviolet by 
acetylchloroaniinobenzene and its rearrangement proilnct, found the transformation 
to occur in the solid phase as well as in solution. Hodges found the rate of the 
change under the inlluence of the 3569A line in eight solvents very slow in the 
complete absence of water. It is a chain reaction, the quantum yields being 5*6 
in carbon tetrachloride, 15-18 in broniobenzene, 17 in chloroform, 22 in chloro- 
lK*iizene, 29-33 in benzene, 108-116 in toluene, 156-163 in cyclohexane, and 188 in 
decal in. In closely related solvents, the reaction velocity diminished with increas- 
ing dielectric constant, surface tension and density. 

Condensation Reactions of Amines. The condensation of /?-phenetidine 
hydrochloride witli epichlorohydrin to N,N-^i5(y-chloro-^-hydroxypropyl)-/>~ 
phenetidine is accelerated by sunlight.-^^ 

Qualitative observations on the nature of the products formed by the prolonged 
exposure to tropical sunlight of a number of organic compounds in 2 per cent solu- 
tions in water, dilute acid or alkali or alcohol have been recently reported by Mala- 
viya and Dutt.**^-^ Aniline in hydrochloric acid precipitated plienazine in 135 days, 
n-toluidine gave l,5~dimethyli)heiiazine, 7n-toIiiidine, 2,6-diniethylphena>-ine and 
/>-toluidine probably gave 3,7-dimetliylpbenazine. Diniethylaniline did not change 
in 141 days and 1,3,4-xylidinc gave only a trace of precipitate in 121 days. 

a-Naphthylamine probably g<ive a,^-dinai>htliazine and ^-naphthylamine prob- 
^ddy ^,/J-diiiaplithazine. o-Nitraniline was unaffected />-Nitrosodimethylaniline 
in aqueous solution was oxidized to />-iiitrodiinethylaniline, but m dilute acid, it 
gave an unidentified precipitate and benzidine gave an unidentified pheuazinc. In 
dilute acid, ^-^-phenylenediamine gave 2,3-diaminophenazine hydrochloride, the 
w-compound 2,6-diamino})henazine and the /^-compound probably 3,6-diamino- 
phenazine. / 7 -Aminodiniethylaniline gave an intensely violet solution of an uniden- 
tified azine dye. Aqueous /’-ainino-acetanilide gave diacetyl-/>,/>'-diaminodiphenyl- 
amine. 1,8-Diaminonaphthalene gave a brown precipitate, probably />crf-dinaph- 
thalcne azotide, r?- Aminojihenol formed a red compound, C 24 Hi{*N 302 , the m-com- 
pound an unidentified brown precipitate, and the /^-compound a violet precipitate, 
probably /?,/?'-dihydroxydianilinoindophenol. m- and />-Hydroxydimethylanilines 
were unaffected. 1,5-nimethoxypbcnazine was formed from o-methoxyaniline, 

riiaUiiWtiy, F D., and Orton, K, J. P., Pro( Chem, Soc , 81, 200 (1902). 

Armstrong, H E., 7. CAm. Soc., 77, 1047 (1900). 

J ri.. and Williamson. K . / Chem Soc., 45, 2574 (1923) 

Porter. C. W, and Wilbur, P, 7. Aw Chew Soc., 49, 2145 (1927) 

-■^Flodges, F. W., 7. Chem. Soc , 240 (1933). 

•“^Strukov, 1. T., Khim. Farm. Prom., No. 2. 11 (1934); Chem. Ahs., 28, 5421 (1934). 

Malaviya, B. K., and Dutt, S., Proc. Acad. Sci. Untied Provinces Agra Qudh, India, 4 , 319 (1935); 
Chem. Ahs., 30 , 1056 (1936). 
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the 37-compound from the ^-derivative and corresponding diethoxyphenazines 
were produced from the ethoxy-compounds. 2,4-Hydroxyphenylenediamine gave 
an unidentified phenazine. Aminobenzoic acid gave phenazine-l^S-dicarboxylic 
acid, the M-compound did not alter, but the />-acid in alkaline solution gave the 
sodium salt of />,/>'-azobenzenedicarboxylic acid. 

Vanillin, 2,4-dihydroxyben2aldehyde and />-dimethylaminobenzaldehyde were 
unchanged. Aqueous p-aminobenzaldehyde hydrochloride gave /?,/>'-dialdehyde- 
azobenzene. 

Aqueous 1-per cent eosin was decolorized in 75 days, giving hydrogen bromide 
and a precipitate of 2,4-dibromobenzoylbenzoic acid. Similarly erythrosine gave 
hydrogen iodide and probably 2,4-diiodoben2oylbenzoic acid. />-Aminoacetophe- 
none gave an unidentified precipitate, capable of reducing ammoniacal silver nitrate, 
but gallacctophenone was unaffected. Phenylhydrazine evolved nitrogen and 
formed an unidentified, apparently heterocyclic nitrogen compound. 2-Amino- 
thiazole gave a trace of a phenazine derivative. Aqueous thiocarbamide gave 
sulfur and carbamide in 46 days. a-Benzildioxime in dilute alkali gave 3,4'diphenyl- 
furazan in 35 days. 

Color Reactions of Amines. Schall proposed to test for ultraviolet rays 
by their ability to form a blue coloration on filler paper impregnated with /’-phenyl- 
enediamine nitrate (2/3V) and dried. Such paper is sensitive only to wave-lengths 
shorter than 3130A, Diffused daylight produces only a pale gray tint but a quartz 
mercury lamp produces a blue color in an instant. Mott and Bedford made 
the paper by impregnating white blotting paper in a solution of 1 g. />-phenylene- 
diamine, 3 cc. of water and 2 cc. of nitric acid, s.g. 1.21, and drying one-half hour 
in a steam ovem 

Freytag^®^ states also that irradiation of moist filter paper or cotton fabric 
impregnated with solution containing about 0.1 per cent of either phenylenediamine, 
or their ntixtures, resulted in yellow to brown color formation due to oxidation of 
the base. This was assisted by the presence of 0.1 per cent sodium nitrate and 
potassium nitrate. The resulting colors were faster to washing when aniline was 
also present. The process could be adapted to the production of photographic 
prints on fabric. 

Nile-blue, brilliant green, Capri-blue, phenosof ranine, fuchsin and pinakryptol- 
green are negative catalysts toward the photochemical decomposition of “Alctivin,"’ 
sodium />-toluenesulfonchloroamide, in methanol solution.^^® Malachite-green had 
no effect, and pinakryptol-yellow and methylene-blue were positive catalysts, even 
in darkness. 

The photochemical oxidation of aqueous solutions of benzidine in the presence 
of eosin is accelerated by manganese salts and by iron and copper salts in decreas- 
ing quantities. Eosin, chlorophyll and the fluorescent derivatives of the latter 
bring about the oxidation of benzidine in methanol. Green leaves in water solu- 
tions of benzidine also bring about its oxidation when illuminated. 

Picric acid, in solutions at pH 13.0, is decomposed in ultraviolet light to give 
picramic and isopurpuric acids, nitrous acid, ammonia and hydrogen cyanide. The 

Schall, C,f Photograph. Wochcnhlatt, 33f 321 (1907), Chem. Ztg,, 34, 267; Z. physik. Chem. Vnterr , 
21, 389 (1908). 

asiMott, W. R., and Bedford. C. W., 7. Jnd. Eng Chem., 8, 1029 (1916). 
swaFreytag, H., Melliand. Textilher., 13, 322 (1932), Chsm. Abs , 27. 1834 (19.13). 

Milbaucr, J., Phot. Korr., 71, 94 (1935); Brtt. Chem. Abs. A, 1468 (193.5); Chem. Listy, 29, 2(»7 
(1935); Chem. Abs., 30, 1661 (1930) 

' awNoack, K,, Phot. Korr., 62, 73 (1926); Chem. Abs„ 21, 1409 (1927). 
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usual yellow form present at lesser pH values is unaffected^ss analogous 
reaction occurs with 2,S*«dinitrophenoL o- and />-Nitrophenols, 2,4- and 2,6-dimtro- 
phenols and 2,4-dinitro-o-cresols decompose at reactions at which the red forms 
exist, the rate increasing with the pH. These darken with the formation of an 
amino- group. 

Textiles of animal or vegetable fibers impregnated with nitrophenols, nitro- 
amines, or even colorless nitro- compounds, turn brown when exposed to daylight 
or ultraviolet rays.^^® Reduction apparently takes place, as reducing agents hasten, 
and oxidizing agents retard, the effect. The brown substance thus formed from 
picric acid on calico was isolated, by extraction with alkali and precipitation with 
acid, and found to contain nitro- or nitroso- groups, but no amino- group. This 
substance may be an azo- compound derived from an azoxy- reduct ion product of 
picric acid. 

Azo, Diazo and Related Compounds. Knipscliecr has shown that azoxy- 
benzene is converted by light into o-hydroxyazobenzene. He obtained the latter in 
poor yield (10.3 per cent) and with much loss of material by volatilization (39,7 
per cent) by exposing sheets of filter paper impregnated with azoxybenzene to 
sunlight for five weeks. Ciimtning and Ferrier,^^^^ who believed the loss by volatili- 
zation could be obviated by making the exposures in solution, employed a mercury 
vapor lamp as source. The best results (28.0 per cent) were obtained by SO 
hours’ exposure in absolute ethanol and the smallest (7.7 per cent) with benzene 
as solvent. Increase of temperature improved the yield only slightly, but materially 
increased the loss of azoxybenzene by volatilization. The transformation also 
takes place in sunlight, but cannot be effected by an ordinary electric light. 

The action of light on the a-isomcr of benzeneazoxy-/>-toluene, NCoH 40 =N. 
CcIl 4 CH{j yields a red substance, probably an n-hydroxy- compound.^®® The jg-iso- 
mer, NCoH 4 ==NO.CfiIl 4 CHa, very slowly turns yellow. 

Cumtning and Fcrrier also obtained hydroxyazo- compounds from 2,2'-, 3,3'- and 
4,4'-azoxytoluenes, 4,4'-dichloroazoxybenzene and 2,2'-diamino-4,4'-azoxytoluene. 
4,4'- Azoxyani sole, 4,4'-azoxyi)henetoIe, and 4,4'-dinitroazoxybenzene reacted slightly 
or not at all. In the case of 2,2'-azoxytoluenc, products of wddely different melting 
points were obtained in alcohol and in benzene as solvents. The hydroxyazo- com- 
pounds were obtained as red needles of varying solubility in sodium hydroxide solu- 
tion. In cases in which the orientation could be determined, the hydroxyl group 
appeared to enter the benzene nucleus in the ortho position with respect to the azo- 
group.2^® 

The decomposition of a 0.4 per cent solution of diazosulfanilic acid in ultraviolet 
light is proportional to the time of irradiation until 90 per cent has been decomposed; 
the remainder condenses with the phenol produced.^^"^ At pH values less than 7, the 
diazo- solution is very sensitive to light, but relatively stable to heat, while in alkaline 
solutions, the reverse is true. Similar results are obtained at 35®, 56®, 80® and 
100®C., but when the temperature approaches that at which thermal decomposition 
of the diazo- compound occurs, this action predominates. Substitution of negative 

«3f-Molnar, J., Compt. rend,, 201, 1482 (1955). 

Sevpwet?, A., and Mounier, D., Compt. rend., 185, 1279 (1927). 

Knipschecr, H. M., Rec. trav. chim., 22, 1 (1903). 

W. M., and Furrier, G. S., /. Chem Soc., 127, 2374 (1925). 

BigiavM’, D., and SabatelH, V., Casrs chttn. ital., 57, 557 (1927); Chem. Ahs., 22, 395 (1928). 

See also Ramsperger, H. C, for some determination of leaction lates for the thermal and photo- 
chemical decomposition of azo- compounds, Proc, Nat. Acad, Sci., 13, 849 (1927). 

Seyewetx, A., and Mounier, D., Compt. rend., 186, 953 (1928); Bull. soc. chim., 43, 827 (1928); 
Brit. Chem. Abs., 1928A, 493. 
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radicals in the benzene nucleus, which increases the sta])ility of the diazo- com- 
pound to heat, decreases its stability to light, the order of increasing stability being 
(anhydride) </>-SOaH (anhydride) </>-COOH (anhydride )</>-Cl (chloride) 
</>-N02 (chloride) <b€n 2 enediazonium chloride. Decomposition is complete only 
in the first two cases. The effect of the nitro- group is the same in the oi*tho, 
meta and para positions. Decomposition by light of the diazo- compounds derived 
from sulfanilic acid, />-aminophenol, and aniline yields the corresponding phenol 
as in thermal decomposition ; the derivative of />-aminobenzoic acid yields /^-hydroxy- 
and />~chlorobenzoic acids, while from the brown precipitate obtained by decom- 
position of nitrobeiizenediazonium chlorides is isolated a substance which is prob- 
ably dinitrodipbenyl ether. 

By comparing the absorption spectra before and after photolysis, Fukushima 
and Horio-^^ concluded that the photodecomposition of diazobenzene sulfonic 
acid differs from tlie thermal reaction, Tt is effected by radiations of wave-length 
shorter than 3800A. The reaction is of zero order. An inner filter, such as quinine 
sulfate, retards the photolysis. The effects of temperature are complex. 

Azo compounds may be photosensitized by zinc oxide, according to Fukushima, 
Horio and Omori.^*^^ In dilute alcoholic solution and an oxygen-free atmosphere 
in the presence of zinc oxide, azobenzene was reduced almost quantitatively to 
hydrazobenzene, but with pure oxygen there was no reduction in six months. 

Lyashenko and Kirzner carried out the photolysis of phenyldiazonium 
chloride and its o-, w-, and /^-subvStituted derivatives under exactly similar condi- 
by exposing the diazo- solutions for three hours to the action of daylight and 
the light of a mercury vapor lamp. The nitrogen eliminated was measured. They 
found that substitution in the meta position either increases the stability of aniline 
to light or has no influence. Substitution in the ortho and para positions decreases 
it. The ethoxy- group in the para position has no effect. 

Other Compounds. The conden^^ation products of aromatic thiohydrazide 
with aldehydes, ketones, and sugars on irradiation with the lines 6250, 5950 and 
S430A exhibit a rapid drop of the rotatory power from a high value in one direc- 
tion through zero to a maximum in the opposite direction. Continued exposure 
causes the rotation again to reach zero and then to attain a maximum in the 
initial direction, after which it slowly drops off to zero. This is explained as a 
combination of partial racemization, cis-trans i^^omcrization and a change in struc- 
ture, all of which are affected by light. 

2,2'-dinitro-5,S'-dimethoxydiphenyI disulfide rapidly turns yellow in sunlight.^'^’^ 

wa Fukushima, I., and Horio, M., /. Soc. Chem, Ind, Japan, 34, Snppl. bxndmn, 367, 372, 374 (1931). 
Chew, Ahs„ 26, 2377 (1932). 

Fukushima, I., Horio, M,, and Oraori, M., J, Soc. Chem. Ind Japan. 35, Suppt. binding, 398 
(1932); Chem. Abs., 26, 5848 (1932). 

The formation of equilibrium between cis and trans form's of .arobenrene can be activated by hffht 
Hartley, G. S., Nature, 140, 281 (1937); von Auwers, K., Ber., 71B, 611 (1938); Cook, A. H., J 
Chem. Soc., 8 7 6 (1938). 

Lyashenko, V. D., and Kirzner, N. A., Anilinokrawchnava Prom., 4, 272 (1934); Chem Ahs., 28, 
7164 (1934). 

Lifschitz, I., and Froentjes, W., Rec trav chim , 55, 753 (1936) 

Hodgson, H. H., and Handley, F W, / Chem. Soc., 542 (1926). 



Chapter 26 

Compounds with Condensed Ring Systems 

Naphthalene Derivatives 

There appear to be no descriptions of photochemical reactions of naphthalene. 
However, its absorption spectrum and also spectra of many of its alpha- and beta- 
derivatives have been investigated by de Laszlo.^ Its vapor exhibits about 400 
sharp narrow bands with fine structure between 3200 and 2820A and a group of 
broad continuous bands without fine structure between 2820 and 2500A. 

Although naphthalene vapors are stable to the light of the quartz mercury arc, 
1,2- and 1,4-dihydronaphthalenes quickly decompose to naphthalene. Tetralin 
decomposes more slowly, forming unidentified polymerization products.^ 

A number of nitro- derivatives of naphthalene are light-sensitive, producing 
brown colors which result from the reduction of nitro- groups. Much work has 
been devoted to the study of the mutual effects of nitro- and sulfonic acid groups 
in various positions upon the light sensitivity. One of the earliest instances 
observed was that in which yellow dyeings on wool of 1.6,4,8-diaminonaphthal- 
enedisulfonic acid became brown rapidly on insolation-^ The mono nitro-derivatives 
of a- and /]^-iiaphthalonesiilfonic acid are equally sensitive, but 2.4,8-dinitronaph- 
thalenesulfonic acid is fast to light. Since, however, 1,8-nitronaphthalenesulfonic 
acid is highly sensitive, although the 1,5- compound is not, and since the 1,6- and 

1.7- compounds are nearly e^jually sensitive, the degree of sensitiveness appears to 
he related to the positions of the nitro- and sulfonic acid groups in the nucleus. 

The nitrosulfonic acids are said also to be sensitized to light by the addition 
of aroiiKitic amines, due to oxidation of the amines by the nitro- group. The cor- 
responding sulfinic acids and sulfonamides also give light-sensitive dyeings. 

In the benzene series,"^ the sensitiveness lo light decreases in the order ortho, 
para and meta, while the sensitiveness of o-nitrobenzenesulfonic acid is equal to 
that of o-nitrobenzenedisulfide, although considerably less than that of 1,8-nitro- 
naphthalenesulfonic acid. ft was suggested that the sensitiveness to light is 
imparted by the sulfur molecule rather than by the sulfi:niic group as a whole. The 
sensitiveness of 1,2-nitronaphthalencsulphonic acid and its salts is but little less 
than that of the 1 ,8~compouiid. Substitution of the hydrogen atopi in the sulfonic 
acid group does not affect the photochemical properties of the nitrosulfonic acids, 
but the close proximity of the nitro- and sulfonic acid groups in the same ring has 
a positive influence on it. The dark precipitate formed by irradiation of the 

1.8- compound is probably 1 amuio-8-(8-iiitro-l-naphthylsulfonyl )-2-naphthol, or 

’ de Laszlo, H G , Compt. rend,, 180, 203 /. phvAtk. them , 118, 3(>^^ (192S); l^ioc. Roy. Sor , 

111 A, 3S5 (1926) See also Charlampowic/:owna, R, and Marchlevvbki, L., Bull inietn. acad. Polofiaisc. 
A, 376 (1930); Ot)rciTn(iv, I, and Pnchotjk<». A., Phvstk, if, Sozej , i, 203 (1932), Kiinura, S, Mem 
Coll. Set. Kyoto Imp. Umv., 14, 303 (1931); Chem. Abs., 26, 1^16 (1932). 

^ Kemula, W.. and Diniicz, B. L., Z. physik Chem . A181, 359 (1938) 

Vorozhtzov, N N, and (jithov, K. A , ^ Gen them (USSR ), 2, 929 (1932), Chem Abs , 27, 
2440 (1933). 

^ Vorozhtzov, N. N., and Ko/lov, V, V., J. Gen Chem iU.S.S.R), 2, 939 (1932), 7, 996, 1610 
(1937); Chem. Abs., 27, 24 40 (193 3), 31, 5349, 85 28 (1937); Otg. Chem. Ind. (US.SR.), 4, 399 
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an isomer containing another hydroxyl group and an NO instead of an NO 2 group. 
When the magnesium salt of 1,8‘iiitronaphthalenesulfonic add is exposed to sun- 
light, the dark precipitate is probably the cyclic magnesium salt of 2-'hydroxy-l,l'- 
azonaphthalene-8, 8'-disulfonic acid. 

The change occurs better on wool than on silk or cotton, but it can also be 
observed in aqueous solutions of the salts, especially the magnesium salt. The 
reaction is faster in neutral or alkaline than in acid solutions. It is hindered by 
oxidants. When the substituents are in the ‘'quinogenic'^ (1,5 and 1,7) positions, 
the acid is less sensitive than when they are in the 1,6 and 1,8 positions. When 
paper soaked in these solutions and exposed to light is rinsed with dilute sodium 
bichromate solutions, the colors are set better than if pure water is used. Nitro- 
anthracene- 1 -sulfonic acid forms a dark compound when exposed to light, but 
w^4‘o-nitro-anthracene-2-sulfonic acid gives a colorless compound. 

Steiger ** studied a number of these compounds, as well as some containing the 
nitro- group and, in place of or in addition to the sulfonic acid group, the methyl 
group. The 1,8-nitromethylnaphthaIene is more sensitive than o-nitrotoluene and 
nitronaphthalene. Its 5-sulfonic acid also is extremely sensitive. Pyridinium 
l-nitronaphthalene-8-sulfonate and the corresponding N~inethylpyridiiiium salt, like 
potassium l-nitronaphthalenc-8-sulfonate, are also very sensitive. Comf)ounds of 
the series 5,l,8-CioH5(NOo) SO^X with a substituent in position 5 are more sensi- 
tive than those without it The sensitivity varies with the group X and with the 
solvent employed. 

Data for the absorption of twenty substituted 1,2- and 1,4-naphthaquinoncs have 
been given by Beck, MacBeth and Winzor.® These observations played a part in 
the determination of the structures of two dyes, droseronc and Iiydroxydroseronc, 
derived from the insectivorous plant, Drosera whittakcri. 

The substituted naphthoquinone, 2-methyl- l,4-naphthafininc)ne, gradually loses 
its color in sunlight.’^ After two months, ether removed a colorless irradiation 
product, melting at 235^ C. It is a dimer formed by 3,4-addition of two molecules 
of the naphthaquinonc and contains a cyclobutane ring. That the quinone carbonyl 
groups did not function in the dimerization was shown by the formation of a tetra- 
oxime of the dimer. These observations were made in the course of an investiga 
tion of the structure of the pigment phthiocol of the tubercle bacillus. 

Dilute aqueous solutions of 2-hydroxy- 1,4-naphthaquinone at 70*^ C. on exposure 
to ultraviolet light give isonaphthazarin and mainly, 3,3'-dihydroxy~2,2'-dinaph' 
thyl- 1 ,4, 1 ',4'-diquinone.® 

When the reaction product of 3-chloro- or 3-bromo 1,2-naphthoquinone and 
2,3-dimethylbutadiene in chloroform is heated at 100®C\ in sunlight, the red solu- 
tion becomes yellow in about 45 minutes, then changes to red and finally becomes 
yellow again. After five hours there results 36 per cent of 2,3-dimethyl 1,4,11,12- 
tetrahydrophenanthrenequinone'll,12-ewt/o-2',3''dimethyl-2'-butene. In the dark, 
16 to 20 hours of heating would be required. The product is a brilliant yellow, 
changing to nearly colorless on exposure to the light.® 

An acid formed by the action of alkali and red mercuric oxide on 4-methyl-/?- 
naphthopyrone followed by treatment with hydrochloric acid, when dissolved in 

8 Steiger, R. E.. Helv Chim. Acta, 16, 793, 1315 (1933); 17, 701, 1354 (1934). 

"Beck, A. B, MacBeth. A, K,, and Winzor, F. L., Australutn J. Exptl, Biol. Med. Sci„ 12, 203 
(1934); J, Chem Soc., 325, 334 (1935). 

Madmaveitia, T, Rev. acad. citne. Madrid, 31, 617 (1934); Chem. Ahs , 29, 5138 (1935); Analc^ 
soc. psjmn. fis, quim., 31, 750 (1933); Chem. Ahs., 28, 1036 (1934). 

» Hooker. S. C, /. Am. Chem. Soc., 58, 1212 (1936), 

»F»eser, L. F., and Dunn, J. T., /. Am. Chem. Soc , 59, 1021 (1937). 
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chloroform, is converted into 4-methyl-/3-naphthopyrone to the extent of 70 per 
Cent by the action of ultraviolet rays. On the other hand, a modification of the 
original add, which melts at 146® C. rather than il2°C. anfi which is regarded as 
having the cis configuration, is unaltered when similarly treated*^® It is suggested ' 
that the trans form is converted into the m form during irradiation. The mok« 
cules of the latter may, however, be activated in such manner that the transfor- 
mation does not stop at this stage, but proceeds further until cycHzation to the 
stable coumarin-type of molecule has been effected. On the other hand, irradiation 
does not appear capable of activating the molecules of the cis form to the extent 
necessary for formation of the pyrone. 

Aqueous solutions of sodium naphthionate undergo a change in surface tension 
in light. By placing a drop of the liquid in a horizontal capillary tube and expos- 
ing one meniscus to light from a mercury arc, Grumbach and Schlivitch^^ esti- 
mated the increase in surface tension by the si)eed of motion toward the lighted 
end. It is of the order of 1 to 2 mm. per hour. Aqueous solutions of fluorescein, 
sulfofluorene and uranyl nitrate, xylene solutions of anthracene and alcoholic 
solutions of xylene and gasoline behave in a similar manner but solutions of ferric 
chloride or oxalic acid do not. 

The ammonium salt of a-nitrosonaphthylhydroxylamine reddens when applied 
to filter paper and exposed to the rays from a quartz mercury-vapor lamp. Rays 
of wave-lengths transmitted through glass are effective in producing this change.^^ 

)3,y3-Azoxynaphthalene, which has a pure yellow color and melts at 164® C. on 
exposure to light (preferably in alcoholic solution) is converted irreversibly into 
a red isomer melting at 162° C. Both forms are stable toward alcohol in the dark.^* 
The a,a'-azoxynaphthaleile undergoes a change to a red form regarded as a 
hydroxyazonaphthalene. Despite the fact that attempts to characterize the red 
modification as such by bcnzoylatiori or melhylation failed, support for this struc- 
ture is afforded by a comparison of the absorption spectra of both forms with that 
of ^-naphthaleneazo-^-naphthol. 

Gumming and Steel, however, note that exposure of tlie a,a'-azoxynaphtha- 
lene to sunlight or to the light of a mercury-vapor lamp for a short period pro- 
duced a red isomer of the same melting point. Further exposure produced an 
azonaphthol, melting at 224°. This change they formulate: 

R-~N-N-R R-N*»N~R R-N-=N-ROH 

Yellow asoxy naphthalene Red isomer Asonaphthol 

1,2,7,8-Di- ( r.5'-tetrazolo)-4-incthyl- (1,8-naphthyridine, 1,2,7,8-tetrahydride), a 
light yellow material, becomes brown in a few days in air and li^ht.^® 

Exposure to light converts j8-2-hydroxy-l-naphthylcrotonic acid completely into 
4-niethyl~/3-naphthopyrone, if sufficiently prolonged. ^-Dimethylcoumaric acid 
yields 4,7-dimethylcoumarin.^’^ 

^ Dey, B, B., and Lakflhminarayanan, A. K., 7. Indtan Chem Soc., ll, 373 (1934); Chem. Abs.. 2$, 
6145 (1934). 

Grumbach, A., and ScMivitch, S., Compt, rend,, 181, 341 (1925). 

1* Baiidt«ch, O,, and Furst, R., Ber., 45, 3426 (1912). 

i« Gumming, W. M., and Ferrkr, G. S., 7. Chem. Soc., 125, 1108 (1924). 

1* Baudisch. 0„ and Fdrst, R, Ber., 45, 3426 (1912). 

1*' Gumming, W. M., and Steel, J. K., 7. Chem. Soc., 123, 2465 (192.^). 

Selde, O.. Ber., 59B, 2465 (1926). 

11 Murty, K. Sm Rao, P. S,, and Seshadri, T. R., Proe. Indian Acad. Set., 6A, 316 (1937); Chan. 
Abs., 32, 3362 (1938). 
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Anthracene 

This hydrocarbon differs from naphthalene in exhibiting an interesting poly* 
merization reaction. Anthracene exhibits strong absorption bands ^t 3800, 36(>3, 
3400 and 3260A.i^ Bands were also found at 4450 and 4750A by Taylor and 
Lewis,^^ who believed absorption in these bands to be responsible for the occur- 
ence of the polymerization reaction. Subsequently, however, it was shown that 
the latter two bands are due to the presence of chrysogen as an irnpurity.^^ Capper 
and Marsh observed that pure white anthracene fluoresces with a violet-blue color, 
and that the addition of a trace of chrysogen changes this to the familiar magnifi- 
cent green glow^ observed in most samples. For this reason, to excite the true 
fluorescence of anthracene the exciting light would have to be shorter than 4100A, 
They believed the light effective in polymerization must lie between the first 
absorption band at 37S0A and 3100A since the reaction can be carried out in glass. 
Castille finds anthracene to exhibit ten bands between 3800 and 2850A and two 
more in the extreme ultraviolet. 

The formation of an insoluble while precipitate when anthracene is irradiated 
in benzene solution and the recognition that it is dianthracene were subjects of 
early observations by Fritsclie,-^ Elbs,^^ and Orndorff and Cameron.^® In dark- 
ness the polymer yields anthracene by a thermal reaction which goes practically 
to completion. The process has been employed as a means for the purification of 
anthracene.^® A solution of crude anthracene in benzene, toluene or coal-tar 
naphtha is irradiated by ultraviolet rays, the dianthraceue separating and leaving 
carbazole, phenanthrene and most of the other compounds originally present as 
impurities in solution. The dianthracene is filtered off and reconverted into 
anthracene by sublimation, yielding a product of purity of 95 per cent or higher. 
The method has also been employed for the removal of anthracene from such 
materials as phenanthrene and fluorene in which it is a contaminant-^ 

The photostationary states set up between the polymerizing photochemical and 
the depolymerizing thermal reactions in phenetole, anisole and xylene solutions 
were studied by Luther and Weigert.-® This is an instance of a photostationary 
state between two reactions one of which is purely photochemical and the other 
purely thermal. The depolynierization follows a uniniolecular course, is unaffected 
by light, and has a temperature coefficient of 2.8. The temperature coefficient of 
the polymerization is only slightly greater than unity. Recently, Lauer and Oda 

Hyatt, J. M., Pkys, Rev., 19, 391 (1922). 

^•Taylor, H. A., and Lewis, W. C. M., J. Am. Chem. Sac., 46, 1606 (1924). 
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acad. sci. U.R.S.S., 15, 29 (1937); Chem. Abs., 31, 6110 (1937). 

For further data on various derivatives, see Barnett, E, Cook, J. W., and Elhson, T. E., /. Chem 
Soc., 88S (1928); Pesteraer. M., and Cecelsky, J., Monatsh.,1% 113 (1932): Clar, E., Ber., 65B, 503 
(1932), 66B, 202 (1933); Lauer. K., and Oda, R., Ber., 69B, 137 (1936); Haack, E., Ber., 62B, 1771 
(1929); Barnett, E., Cook. J. W., and Matthews. M. A., Bet., 60, 23 5 3 (1927); Clar, E., Ber., 62B, 
350 (1929); 63B, 112 (1930); Clar, E., .and Guzzi, A., Bet., 65B, 1521 (1932); Fiescr, L. F., and Hersh- 
barg*, E. B., /. Am. Chem. Soc., 57, 1681 (1935); Obreitnov, T., and Pnehotjko, A., Physik, Z. S&wj., 1, 
203 (1932). 

“Fritsche, J. prakt Chem., 101, 337 (1866) 

»*EIbs, K., /. prakt. Chem., 44, 467 (1891). 

Orndorff, W. R., and Cameron, F. K., Am. Chem. J., 17, 658 (1893). 

»» Downs, ('. R., IT. S. P. 1.303,639, May 13, 1919; Chem. Abs., 13, 1862 (1919). 

^ Capper, N. S., and Marsh, J. K., /. Chem, Sop., 724 (1926). 

® Luther, R., and Weieert, F., Sitzh, Akad. Wiss, Berlin, 828 (1904); /, Chem. Soc., 86, ii 463 
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found the polymerization rate to be the same in hexane, cyclohexane, cyclohexene 
and ethanol. It is considerably greater in acetic acid and, particularly, in benzene. 
This is attributed to an effect of these solvents in displacing riie absorption spectrum ^ 
of anthracene toward longer wave-lengths. Double bonds in the solvent molecules 
have a distinct accelerating effect on the reaction. The results in cyclohexene 
were somewhat uncertain because of a darkening of the solvent. It was also found 
by Luther and Weigert that in solutions in which absorption was complete a further 
increase of anthracene concentration tended to increase the rate of polymerization, 
the rates approaching a limit at higher concentrations. Various early fruitless 
attempts were made to account for this.®® 

Recently, Weigert®^ verified the dependence of the rate upon concentrations in 
excess of those at which absorption is complete. He employed the lines 3660 
and 3 130 A of the mercury arc. At very low concentrations, below 0.005 per cent, 
the yield was approximately proportional to the concentration. At higher ones, 
the rate increased with concentration approaching asymptotically a maximum at 
about 2 per cent concentration. Between 87® and 137®C,, no influence of tempera- 
ture or solvent was observed. The quantum yields were 0.254 at 3660A and 0.228 
at 3130A. 

Weigert proposed a more elaborate mechanism for the polymerization than that 
of Bodenstein who merely assumed that an activated anthracene molecule on 
collision with a normal one formed the polymer. Weigert assumed that an acti- 
vated molecule on collision may utilize its activation energy in opening the bond 
between the two central carbon atoms forming a di radical with two tervalent 
carbon atoms. Two of these can then unite to produce the polymer. 

There is the possibility that this mechanism is unnecessarily elaborate and that 
the di radical may be directly produced as a result of absorption. Clar suggested 
that the origin of certain absorption bands is referable to the production of unpaired 
electrons at the meso- po.sitions. Schonherg®® assumes a photoequilibriurq between 
the normal and the diradical forms of certain anthracenes, which cannot be mag- 
netically detected because of the small concentration of the diradical form. 

When anthracene is irradiated with short wave-lengths (1800 to 2000A), it 
exhibits a photoelectric effect.®'* At the same time there occurs a surface forma- 
tion of dianthracene on the crystals. This Suzuki and Volmer regard as an 
effect secondary to the internal photoelectric effect. They find it possible to pre- 
vent its formation by placing metal foils on both sides of the irradiated face and 
applying a field of 2000-14000 volts per cm. 

Behavior of Various Anthracene Derivatives. Polymerization of ^-methyl 
anthracene is a photochemical reaction similar to that of anthracene.®® 2-3-Benz- 
anlhracene in xylene is readily oxidized by air to the quinonc with the aid of 
ultraviolet light.®'^ The oxidation of dihydrobenzantlirone is markedly accelerated 
by light. 

»<» Wcigeil, F., Z. physik. Chem., 4S8 (1908); Byk, A., Ibid,, 62, 454 (1908). 

« Weigert, F., NatHtwiss., 15, 124 (1927). 

«»Clar, E., Bef„ 65B, 503 (1932). 

®*Sch6nbcrg, A., Trans. Faraday Sac., 32, 514 (1936). 

Volmer, M., and Riggert, K.. Z. physik. Ckem., 100, 502 (1922). 

w Suzuki, M., and Volmer, M„ Naturmss., 23, J97 (1935). 

Orndorff, W. R., and Megraw, H. A., Am. Chem. 22, 152 (1899); Weigert, F., and Kroger, O., 
Z. physik. Chem., 85, 579 (1913). 

87 Clar, E., Bcr., 65B, 503 (1932); 68B, 2066 (1935). 
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Anthraoitinones 

Anthraqainone has five bands between 4250 and 3600A, one broad band between 
3500 and 2850A and four bands between 2800 and 2300A, Methylanthraquinones 
and their mono- chlor-, brom- and nitro- derivatives have been observed by Schaar- 
schmidt and Kasai to change from a yellowish-white to a brown color on expo- 
sure to a mercury arc. Various ones exhibit the following order of decreasing 
sensitiveness: 4-chloro-l-methylanthraquinone, 2-methylanthraquinone, 1-methyl- 
anthraquinone, 3-chloro-2-methylanthraquinone, 1 -chloro-2-methylanthraquinone, 
l-chloro-2-bromomethylanthraquinone, 1,3-dimethylanthraquinone. ( 1 ,3-Dimethyl- 
l>enEophenone was not appreciably affected when similarly treated.) The change, 
at least in the first of these, occurs in a vacuum or in nitrogen as well as when air 
is present. The change is therefore considered to consist in a transformation into 
a highly colored quinonoid modification which is not completely reconverted into 
the original form when rapidly crystallized from alcohol. 

Eckert has noted that when 2-methylanthraquinone in acetic acid is exposed 
for a long time to sunlight with free access of air, the solution becomes increasingly 
turbid with formation of, chiefly, 2 anthraquinonecarboxylic acid, together with an 
alkali- insoluble product, which is very probably 2,2'-dianthraquinonylethane. Other 
derivatives of 2-methylanthraquinone and of 1-methylanthraquinone react in the 
same way, although less markedly. The oxidation of the former proceeds much 
more slowly or not at all in other solvents such as toluene, which is itself oxidized 
to benzoic acid. 

He also observed that a solution of potassium anthraquinone-1 -sulfonate in 
hydrochloric acid (1:1) on exposure to light evolves chlorine and yields 1-chloro- 
anthraquinone. Potassium anthraquinone-l,8~disuIfonate similarly forms 1,8-di- 
chloroanthraquinone, but the l,S-disuIfonate yields mainly the l-chloro-5-sulfonate 
and only little of the l,S-dichIoroanthraquinone. Sodium anthraquinone-2,6-di sul- 
fonate affords little 2,6-dichloroanthraquinone and much sodium 2-chloroanthra- 
quinone-6-sulfonate. Anthraquinone-2,7-di sulfonic acid yields only products sol- 
uble in water* It was possible to isolate 2-chloroanthraquinone-7-sulfonic acid and 
an isomer. The nitroanthraquinonesulfonic acids react with greater difficulty. 
S-, 8-, and 6-Chloro-l-nitroanthraquinones have been obtained from the corre- 
sponding sulfonic acids. The bromanthraquinones could not be isolated after 
exposing solutions of anthraquinone-1 (and -2) sulfonates in hydrobromic acid, 
although bromine was readily liberated. Eckert and Hampel find that 4,4'-di- 
methoxy-fwe.yo-benzbianthrone in chlorol>en 2 ene is converted by long exposure to 
sunlight into naphthobianthrone. 

On exposure to light, 3,6'-diacctoxydianthraquinone in benzene solution is 
slowly changed into diacetoxynaphthadianthrone.^® A solution of 3,6'-dihydroxy- 
dianthraquinone in alcohol on exposure to light deposited crystals which on 
acetylation gave diacetoxynaphthadianlhrone and a little diacetoxyhelianthrone. 
When an acetone solution of dimethoxydianthrone is evaporated in daylight, the 

«» For ahsorption data, see, Hayashi, M,, Kawasaki, K., and Nakayama, A., /. Soc Chein, Ind, Japan, 
36, Suppl. binding, 123 (1$33); Asahina, Y., and Fujikawa, F., Ber,, 68B, 1558 (1935); Jones, O. C. R., 
and Mason, F. A., /. Chgm, Soc,, 1813 (1934): Hayashi, M., and Nakayama, A., /. Soc, Chem, Jnd, 
Japan, 37, Suppl. binding 238, 239 (1934); Marriott, G. J., and Robinson, R.. J. Chem, Soc,, 1631 
(1934); (Sistille, A., Bull. acad. roy. med. Selg., 8, 74 (1928); Clar, E.. Ber., 65B, 503 (1932). 

** Schaarschmidt, A., and Kasai, K., Ber., STB, 1671 (1924). 

Eckert, A., Ber., 58B, 313 (1925). 

Eckert, A., Bet., 60B, 1691 (1927). 

"Eckert, A., and Hampel, J., Ber., 60B, 1693 (1927). 

Perkin, A. G., and Yoda, G., /. Chem, Soc., 127, 1884 (1925). 
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solute becomes rapidly converted into dimethoxynaphthadianthrone and dimetlioxy- 
heliantbrone* 

Wd>er^* observed that the resulting dyes were off-qolpr when textiles which 
had been dipped in solutions of the leuco*^ compounds of certain halogen-containing' 
anthraquinone and indigoid dyes were exposed to sunlight before oxidation# He 
regarded this a^ due to dehalogenation, since the color produced in each case cor- 
responded to that of the halogen-free dye. This suggested a method for the 
removal of halogen from compounds of the anthraquinone series. Goldstein and 
Gardner^® applied it with success in a number of cases. The effect is due to 
visible rather than to ultraviolet light. 1- and 2-Chloro-, 1- and 2-bromo-, and 
l-chloro-4-hydroxyanthraquinone were exposed in alkaline sodium hydrosulfite 
solutions to a 500-watt Eastman ^Tloodlight” with exclusion of air. The anthra* 
hydroquinones were then oxidized by air and the amount of dehalogenation cal- 
culated from the halogen content of the crude product. The final product from 
each of the halogen anthraquinones was identified as anthraquinone and that from 
l-chloro-4-hydroxylanthraquinone as a-hydroxyanthraquinone. The a-halogen 
is much more readily removed than jO-halogen, and bromine more readily than 
chlorine. 

Anthrahydroquinol-flc-carboxylic lactones in alkaline, acid or neutral solutions 
are sensitive to air, especially in benzene or xylene in light.**® The 2-methyl 
derivative of anthrahydroquinol-l-carboxylic lactone gave chiefly with typical 
oxidizing agents 2, 2'-di methyl-9, 9'-dihydroxyl-l,r-dicarboxy lie dilactonc. Aqueous 
and especially alcoholic alkalies dissociate the latter with formation of an olive- 
green solution containing the salts of the anthraquinone and the anthrahydroquinol 
acids apparently in quinhydrone-like combination. Probably the primary step is 
a dissociation into an anthoxyl radical with univalent oxygen. Exposure in acetic 
acid to ultraviolet light, and heating in certain organic solvents, apparently also 
brings about a similar dissociation. 

Much has been written in regard to tlie use of anthraquinone derivatives in 
facilitating photochemical oxidations of a wide variety of organic compounds. The 
anthraquinone in light acts as an oxygen carrier, the carbonyl groups being 
reduced to carbinols. These regenerate the anthraquinone on shaking with air. 
When dextrose is the oxygen acceptor, this reaction occurs also in the dark.'*'^ 
Other quinones (benzoquinonc, naththoqiiinone, acridone) xanthone and benzo- 
phenone are less effective. Anthraquinone is unable to oxidize naphthalene in acetic 
acid to phthalic acid. 

Kreidl*® uses as catalysts, in effecting such oxidation reactions, ring-system 
hydrocarbons containing at least three condensed nuclei, such as anthracene; sub- 
stitution products of such hydrocarbons ; substances of quinonoid type, with a ring 
system containing at least three condensed nuclei and of a lower slate of oxidation 
with respect to at least one of the quinonoid carbon atoms than corresponds to 
anthraquinone; substitution products of such substances; or hydrogenated products 
of hydrocarbons with a ring system containing at least three condensed nuclei or 
their substitution products. Nozicka^® effected such photochemical oxidation 
processes in the presence of a catalyst of the anthraquinone type in conjunction 

"Weber, A. E., Dyestuffs, 33, 1 (1933); Am, Dyestuff Reptr., 22, 1S7 (1933); Chem. Abs,, 27, 3336 
(1933); Bfit, Ckem, Abs., 193311, 344. 

"Goldstein, A. E., and Gardner, J. H., 7. Am. Ckem Soc., 56, 2130 (1934). 

"Scholl, R., and Renner, F., Ber., 62B. 1278 (1929). 

Pfeilstickcr, K., Biochem. Z„ 199, 8 (1928). 

"Krctdl, I., U. S. P. 1.971.042, Aug. 21, 1934; Ckem. Abs., 28, 6066 (1934). 

"Noaicka. F.. German P. 526,195, October 27, 1929; Ckem. Abs,, 25, 4184 (1931), 
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with one or more auxiliary catalysts, such as sodium or potassium hydroxide, 
active carbon, inorganic gels or oxides o£ copper, bismuth, iron, vanadium or 
silver. Illustrative reactions are the oxidation of toluene to benzoic acid, of 
paraffin oil to fatty acids, of lepidine to cinchoninic acid, etc.®^ 

Oxidation of Anthracene. Hibberd’"^- states that anthracene exposed to day- 
light or to light of the Fade-Ometer (See Chapter 30) becomes yellow or brown 
and gives a positive reaction for anthraquinone. Dufraisse and Gerard®® state 
that under certain conditions anthracene combines with oxygen to form a colorless, 

crystalline photo-oxide of the structure ♦ CH • C 6 H 4 • This is stable at 

1 — O ‘ O — I 

ordinary temperatures, but at 120°C. decomposes explosively without evolution of 
oxygen. It can be titrated w^ith potassium iodide, which reduces it to anthranol 
or oxanthrol, but isomerization and subsequent oxidation to other products also 
occur. The photo-oxide resembles oxanthrone in state of oxidation and in giving, 
with hydrochloric acid and hydrobromic acid, 10 -chloro- and bromoanthrone, 
respectively. 9- Phenyl- 10-iodoanthracene is irregularly photo-oxidizable. 9-Phenyl- 
10 -carboxyanthracene and its methyl ester are also photo-oxidizable, but the 
carboxyl group apparently hinders the addition of oxygen. The photo-oxide of 

9- pheiiylanthracene can be obtained in only 30 per cent yield.®^ 

Although the 9, 10-diary lanthracenes form photo-oxides that dissociate on heat- 
ing, that of anthracene explodes at 120‘^C., and that of 9-phenylanthracene decom- 
poses at 155° with emission of about 12 per cent of oxygen.®® 10-Methyl- and 

10- cthyI-9-phenylanthracene photooxides behave more like 9-phenylanthracene than 
like the diaryl compounds, decomposing at 170° and 200° with evolution of 20 and 
34 per cent of oxygen, respectively. 

To determine whether the reason that anthracene photo-oxide does not liberate 
all its oxygen on pyrolysis while the corresponding diphenylanthracene photo- 
oxide liberates 95 per cent of its oxygen might be the greater oxidizability of 
hydrogen as compared with the phenyl group. DiifraisH' and Priou studied the 
we.r<?-ciimethoxy“ photo-oxide in the expectation that the methoxyl radical would 
be less oxidizable than the phenyl. They found, however, that this explanation 
does not hold, since the compound is unstable in light, especially when in solution. 
It melts at 145 °C., with decomposition, leaving a residue of anthraquinone. Wille- 
mart®® found 9,10-di-a-naphthylanthracene, as well as the di-^^-naphthyl com- 
pound, when exposed to sunlight in the prescMicc of air to yield photooxides. The 
latter heated at 180-200°C. lose oxygen and regenerate the hydrocarbons.®® 

French P. 702,183, Aug. 27, 1930, to Vcrcinigte Chemischc Fdbriken Kreidl Heller & Co.; Chem, 
Abs., 2S, 3919 <1931); Austrian P. 151,652, Nov. 25, 1937; Chem. Abs., 32, 2029 (193 8). 

See also German P. 624,964, 1, 1936, to Kreidl, Heller & Co.; French P. 739,711, July 6, 1932; 

German P. 536,195, Oct. 27, 1929. 

«*Hibbert, E., J. Soc. Vyer^ Colourists, 44, 377 (1928); Brit. Ghent. Abs., 1929B, 88. 

®® Dufraisse, C.. and Gerard, M,, Compt. rend., 201, 428 (1935); 202. 1859 (1936). For a more 
detailed study of the influence of solventb on photopolymenzation and photooxidation, which have as 
common intertnediatc an unstable dimer, sec Dufraisse, C., and Gerard, M., BvUl. soc. chttn , 4, 2052 
(1937). 

“Dufraisse, C.. Vdluz, L., and Velluz. Mmc., Cofnpt. rend., 203, 337 (1936). Since phcnanthrenc 
and naphthalene structures do not form photo-oxides, this is a phenomenon different from the accel- 
erated photo-Oxidation of numerous unsaturated compounds. Dutraisse, C., and Priou, R , Bull. soc. 
chim., 5, 611 (1938) 

“V^illcmart. A., Compt rend., 203, 13 72 (1936); Bull. soc. thim., 4, 357 (1937). 

MDufraksc, C., and LeBras, T., Bull. soc. chtm., 4. 349 (1937); Dufraisse, C., Velluz, L., and Vel- 
luz, Mme., /hid.. 4, 1260 (1937); Velluz, L, and Velluz, Mrae., Bull, soc chtm 5, 192, 606, 1073 
(1938); Chem. Abs., 32, 3379 (1938). 

Dufraisse, C., and Priou, R., Compt. rend, 204, 127 (1937). 

Wmernart, A., Cofnpt. rend., 201, 1201 (1935). 

4^ See also Wfllemart, A., Compt. rend., 202, 140 (1936); Bull. soc. chim , 4, 510 (1937) for the tolyl 
dWlviitivcs. 
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9-Methyl (or ethyl) -anthracene polymerizes when irradiated. At the melting: 
points of the polymers, the original hydrocarbons are regenerated, but under certain 
conditions photo-oxides may be obtained which do not evolve oxygen on heating. 
Dimethyl (9,10) -derivatives of 9-phenyIanthracene do not polymerize.®^ 

Acridine and 9-phenylacridine give no light-stable photo-oxides.®^ 

Naphthacenes* The red hydrocarbon rubrene, C 42 H 28 t (tetraphenyl 
rubene) forms a peroxide when its benzene solution containing dissolved oxygen is 
exposed to visible or ultraviolet light; no oxidation occurs in darkness.®^ The 
peroxide is stable in solution, colorless and has a molecular weight of 561, Schfin-* 
berg believes light converts rubrene into an activated diradical form, which adds 
oxygen to form the peroxide. 




Ruhrene 



Diradical 


Peroxide 


3 


The presence of hydroquinol and pyrocatechol and their methyl ethers retards the 
reaction. Dissociation of the peroxide into rubrene is accompanied by the emission 
of light. If a benzene solution of the brown form (which owes its color to tlie pres- 
ence of an impurity and is really yellow) is exposed to sunlight and then heated to 
80*^0., the solution becomes luminous. Irradiation destroys the impurity, but the 
solution can again be activated by sunlight. When in the solid state, the yellow 
form is luminous after exposure to sunlight, but it is not luminous in solution. 

The quantum efficiency of the formation of the peroxide of rubrene rises to unity 
at concentrations greater than 0.01 molar, and is independent of wave-length between 
3660 and 5460A.®^ Bowen and Steadman believe the reaction to depend on ter- 
molecular collisions between an activated and a normal rubrene molecule and an 
oxygen molecule. 

The mechanism of the reaction has been the subject of recent discussion.®® 
Schumacher believes an excited rubrene molecule R~ incapable of forming a stable 
RO 2 molecule by collision with an oxygen molecule, unless it has previously 
collided with another R molecule to give a long-lived R’*' molecule which can 
form a stable oxide. Another possibility, applicable to the results at low oxygen 
pressures, is for an R" molecule to form with oxygen an unstable RO 2 molecule 
which can be stabilized by collision with another R molecule. Neither excited 


Willcmart, A., Cimpi, rend, 205, 866, 993 (1957); Bnll, soc, chirn,, 5, 556 (1938); Chem, Ahs., 32, 
4976 (1938). F<4r 9-nIkyl-10«phenyl'anthracene8, see Bull soc. chim., 4, 1447 (1937). 

^ Dufraissc, C , and Hoapillart, J., Bull. soc. chm , 5, 626 (1938). 

® Moureu, C., Dufraissc, C., and Lotte, P., Campt. rend., 190, 148 (1930); Moureu, C-, Dufraissc, 
C.. and Btttlcr, C., Ibid., 183, 101 (1926). 

Schdnberif, A.. Her., (STB, 633 (1934). 

** Bowen, E. J., and Steadman, F., /. Chem. Soc., 1098 (1934). 


“Gaffron, H., Biochem. Z , 2«4, 251 (1933); Schmnacber, H. }.. Z, Btektroehem., 42. 522 (1936): 
Koblitz, W., and Schumacher, H, J.. Z. phvstk. Chem., B35, 11 (^1937); Brit. Chem. Abs., A, I, 2SS 
(1937); GafFron. H., Z. physik. Chem., B37, 437 (1937); Brit. Chem. Abs., A, I, 40 (1938); Schu- 
macher, H. J.. Z. physik. Chem., B37, 462 (1937). 
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Qxygett molecdles nor lonig^-lived excited R molecules ?ire believed to flay an 
important part in the reaction. Gaffron found that at small concentrations the 
oxygen pressure affects the quantum yield From data on the quantum yield at 
small oxygen pressures, he concluded that there must be, in addition to the ordinary, 
short-lived, active form of rubrene, another comparatively long-lived to l(h^ 
second) active form during the life of which every collision leads to reaction. 
Schumacher has finally suggested that Gaffron may not have measured the pure 
rubrene Oxidation. The discussion of the mechanisms, too intricate to be given 
here, is of some significance for the theory of photosensitized processes, since 
Gaffron views the oxidation, at least in the case of high rubrene concentrations, 
as what may be called a self-sensitized process. 

The relative rates of oxidation of tetraphenylrubrene in 1 : 10,000 dilution in 
ten organic solvents in the light of a carbon arc have been determined by Dufraisse 
and Badoche,®^ that in benzene being taken as unity. The highest value, 9, was 
obtained in carbon disulfide. That in nitrobenzene was 0,10. These different rates 
seem to be connected with the ability of the solvents to accept oxygen. In the case 
of nitrobenzene, however, it is probably related to the ability of the solvent to 
extinguish fluorescence. The high rate obser\ed in carbon disulfide is greatly 
reduced by the addition of ether. Acetone had little effect on the rate in nitro- 
benzene. In general, the oxidation is the more rapid the more nearly the absorp- 
tion maximum in the given solvent approaches the red, but definite relations could 
not be deduced. 

It has been suggested that pure oxygen can be extracted from air by way of the 
dissociable photo-oxide of rubrene or of wcro-diphenylanthracene.®'^ 

Ulip compound formed by exposure of a chlorophyll solution to light in the 
preSlpCt5 of an acceptor has a diradical character similar to that obtained in the 
case of rubrene.®® 

A review of the literature on the synthesis and photochemical properties of the 
naphthacenes (a term used to replace rubrenes) has been given by Dufraisse and 
Horclois.’^® Naphthacene forms a photo-oxide, C 18 H 12 O 2 , colorless needles, which 
gives no oxygen on decomposition. Diphenyl-9- 10-naphthacene gives a photo- 
oxide, C 30 H 20 O 2 , which liberates iodine from potassium iodide, but melts at 160® 
without giving oxygen. l,2,3,4-Tetrahydro-9,10-diphenylnaphthacene gives a photo- 
oxide, C 80 H 24 O 2 , which regenerates the original hydrocarbon and liberates 80 
per cent of its oxygen at 200® C. The presence of two hydrogen atoms in the 
l,l'-pos!tions in rubrenes suppresses the reversibility of absorption of oxygen 

l,l'-Bt>(/>-toIyl)-3,3'-diphenyl-5,S'-dimethylrubrene, C 4 eH 36 , forms red vSolutions 
which are decolorized by light in the presence of air with the formation of a 
peroxide.*^® Dufraisse and Loury found ethyl- 1,1 '-diphenylrubrene“3,3'-dicarbox- 
ylate to form a photo-oxide which at 190®C. loses a little oxygen and much carbon 
dioxide. Solutions of 1,1, 3'-triphenylrubrene-3-carboxy late in alcohol are moder- 
ately rapidly decolorized by sunlight, but the corresponding acid is much more 

Dufraissts, C, and Badoche, M., Compt. rend., 200, 1103 (1935). 

« Dufraisse, C, and Le Bras, J., Bnll. soc. chim., 4, 349 (1937). 

"•Gaffron, H„ Biochem. Z„ 244, 251 (1933); Chem. Abs., 27, 5 763 (1933). 

"►Schdnberg, A., Annalen, 518, 299 (1935); Muller, E., and MuUcr-Rodloff, I., AnnaUn, 517, 134 
(1935); CAem. Abs., 29, 5320 (J935). 

w Dufraisse, C., and Horclois, R., Bull. soc. chim,, 3, 1872, 1880 (1936); Brit. Chem. Abs., A, 1499 
(3936). 

Dufraisse, C., and Loury, M., Compt, rend., 20P, 1673 (1935); Chem. Abs., 29, 5108 (1935). 

™ Dufraisse, C, and Monier, J. A., Jr., Compt. rend., 196, 1327 (1933); sec also Dufraisse, C., and 
dhtMn, Compt. rend., 197. 1127 (1933). 

If Dufraisse, C., and I^ury, M,, Compt. tend., 199, 957 (1934). 
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staWeJ^ The ^rciiducs from the resulting solution arc conJ|>ltx and, when heated, 
evolve mainly carbon dioxide mixed with from 3.7 to 6.0 per cent of the amount 
of oxygen to be expected from a peroxide. In sunlight, a solution of 0.0678 gm. of 
9,10,n-triphenylnaphthacene (triphenylrubrene) in 2,5 cc/of benzene absorbed one 
mole of oxygen in an hour and became colorless. Larger-scale work led to the 
isolation of the photo-oxide, C 80 H 24 O 2 *C 6 He which, on heating under* various con- 
ditions, liberated from 6 to IS per cent of oxygen. It is probably an internal 
11 , 1 2 *dioxy tr iphenylnaphthacene.’’^® 

Hexabromotetraphenylrubrene in benzene in direct sunlight forms colorless 
crystals of the peroxide, which decomposes to yield 76 per cent of the theoretical 
amount of oxygen at 150°C. in thirty to forty-five minutes or in fifteen minutes 
at 200'^C7e 


Other Hydrocarbons 

Chrysogen, the yellow impurity occurring with anthracene, and probably a 
hydrocarbon, is easily destroyed by exposure of its xylene solution to light It 
apparently undergoes polymerization to a colorless substance in a manner similar 
to anthracene.^^ 

In the production of skin cancers in mice by the repeated application of a 
1 -per cent solution of 1 , 2 -benzopyreiie in benzene, sunlight exerts an accelerating 
influence.*^® 

A benzene solution of benzaldehyde and acenaphthene, exposed to sunlight for 
two years, yielded*^® two polymers of benzaldehyde, one previously observed by 
Ciamician and Silber,®® and the other a trimer previously obtained by Mascarelli,®^ 
a compound corresponding to the addition of a molecule each of acenaphthene 
and benzaldehyde less a molecule of hydrogen. In addition, there were formed 
stilbene, isostilbene and resinous material. 

The autoxidation of decalin is accelerated by ultraviolet, according to Casiigli- 
oni .®2 The exposure of an alcoholic solution of 5-tetraleneacetic acid to the radia- 
tion of a quartz mercury lamp yields dihydronaphthylacetic acid.®® 

According to Goldschmidt and Reichel,®*^ the yellow product obtained together 
with fluorenone and A®’®'-di-fluorenylene by the atmospheric oxidation of 9-amino- 
fiuorene in sunlight, or ultraviolet light, can also be formed with loss of ammonia 
when oxygen is passed over the base at 75 to SO'^C. in darkness. It must be 
tetrafluorenylhydrazine, its colored solutions containing the radical (C 38 H 8 ) 2 N''. 
Optically active, colorless, 3-methoxy-9-phenylfluorene-9-thioglycoUic acid turns 
first yellow and then orange in ultraviolet light. This change occurs also in the 

Badoche, M., CompL rend . 198, 662 , 1515 (1<?34); 200, 750 (1935). 

wBadoche, Bull. soc. chim., 3, 2040 (1936). 

'’f® Dufraiasc, C., and Vclluz, L,, Bull, soc. chim., 3, 254 (1936). 

Capper, N. S., and Marsh, J. K., J, Am. them. Soc., 47, 2848 (1925). For absorption data on 
phenanthrene sec Goldschmidt, S., and Graef, F., Ber., 61B, 18S8 (1928): Titeica, R., Bui. soc. romane 
fts., 35, 149 (1933); Chem. Aht., 28, 1618 (1934); Clar, F., and Lombardi, L., Ber., 65B, 1411 (1932); 
Askew, F. A., J. Chem. See., 509 (1935). It is not autoxidizablc in light, Benrath, A., and v. Meyer, A., 
Ckcm. Abs., 7, 352 (1913), 

Maisin, J., and dejonghc, A., Compt. rend. soc. biol., 117, 111 (1934). 

De Faai, R,, Atti accad. Lincei, 9, 1004 (1929); Chem. Abs., 24, 362 (1930). 

Ciamician, G., and Silber, P., Chem, Abs,, 4, 1619 (1910). 

Mascarelli, L., R. Accad. Lincei, 15, II, 375 (1906). 

Castiglioni, A., Gags. chim. ital., 64, 465 (1934); Brit. Chem. Abs., A, 1184 (1934); Moureu, C., 
Dufraiase, C., and Chaua. R., Chem. Abs., 21, 1914 (1927). For the irradiation of squalene, aee 
/. Soc. Chem. Ind., 181 (1926). 

wSchrocter, G., Ber., 58, 713 (1925). 

^ Goldschmidt, S., and Rcichel, L., Annalen, 456, 152 (1927). 
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case <d solutions of pheuylfluorenylcarbinols, but the 9-phenylfluorettes are insensi- 
tive to light. Racemiaation is the principal effect of light.^ 

Crude synthetic perylene may be purified by exposing it to a quartz mercury 
arc.®® Ether solutions of crude coal-tar show increased ultraviolet transmission 
after having been similarly irradiated.®*^ 

On illumination of a cyclohexane solution of carotene, the pressure of oxygen 
above it in a closed vessd drops initially and reaches a constant value in about 
three hours. If all or part of the oxygen is then pumped out in the dark, on 
re-illumination, a pressure rise is observed, indicating an equilibrium between 
carotene, its oxide and oxygen. But in the case of an octane solution, the oxygen 
pressure decreases linearly with time without reaching a minimum value.®® 

«LifscWt«, I., JRec. trav. chim., 54, 397 (1935); Chem. Abs., 29, 5437 (1935). 

•• Portovskii, I. Y., and Bednyagma, N. P., J. Gtn. Chem. (U. S.S. JR.), 7, 2929 (1937); Ckem. Abs., 
3J, S396 (1938). 

»»H«nrick. J. F.. and Sheard, C., Proc. Soe. B»ptt. Biot. Med., », 33 (1928). 

“BatJr, E.. Heiv. Chim. Acta. 20, 402 (1937). 
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Chapter 27 

Compounds with Heterocyclic Rings 

Oxygen-containing Rings 

Essential Oils. The spontaneous transformation of solutions of various 
odorous substances into a colloidal state by exposure to light has been investigated 
by Zwaardemaker and Hogewind.^ In the ca;se of several substances the change 
occurred only in the presence of ultraviolet light and the resulting colloidal particles 
were negatively charged. Among the substances studied were eugenol, cresol, 
guaiacol, carvacrol, citral, cumidine, th3miol and hypnone. 

A sample of dark yellow distilled lavender oil was found by Quilico ® to be 
progressively decolorized by exposure to ultraviolet rays without losing its original 
fragrance. After one hour, 20 cc. were color imetrically equivalent to only 19.5 cc. 
This became 11.5 cc, after 7, 2.5 after 14 and 0.5 cc. color equivalent after 21 hours. 
Eucalyptus oil was decolorized slightly more rapidly, ft was suggested that the 
formation of oxygenized products caused the slightly lower results in the lavender 
oil. The essential oil of Monarda fistulosa behaves in the opposite manner, becom- 
ing brown when exposed to light, according to Badzynski.*^ 

Absorption data on a series of oils have been given by Morton ^ and may serve 
as an aid in the identification of constituents. Maxima are found at 3070 and 
2370 A (wintergreen), 2810 and 2435 A (almond), 2810 A (clove), 2770 A (thyme), 
2860A (cinnamon and cassia), 2850 and 2330A (sassafras), 3110A (lemon), 
2380A (mustard), 2320A (cade). Wormseed and mace oils show but little selec- 
tive absorption. Previous observations on the use of ultraviolet spectrograms in 
the identification of essential oils were due to Boyer.** 

It is well known that good quality peppermint oil when used in flavoring cer- 
tain candies or sugar preparations, such as ordinary mint tablets, loses its fine 
flavor on long standing. In the laboratory of the senior author, a number of 
samples of such tablets were exi)osed to the action of ultraviolet in order to test the 
stability of certain mint oils in the manufacture of confections. It was found that 
a few hoiirs^ exposure aflorded approximately the same aging effect as standing 
on the shelves for a period of several months. The procedure api>ears to be a ready 
method of testing materials of this class to determine quickly their keeping qualities. 

It is said that the oxidation of Russian turpentine is more rapid in sunlight 

^Zwaardemaker, H., and Hogcwxiid, F., Proc, Akad, K. Wctensch. Amsterdam, 2i^ 131 (1918); /. 
Chem. Sac., 116, ii, 14 (1919). 

“Qudico, A,, RtviHa iial. csscftse profumi, 10, 148 (1928); Chem. Abs., 23, 3784 (3929). 

* Badzynskj, S., H'iadomoscki Farm., 60, 689 (1933); Chem. Abs,, 28, 1815 (1934). 

* Morton, R. A., Perfumer and Essential Oil Record, 20, 258 (1929). Sec also Harvey, E. H , 7, Am. 
Pharm. Assoc., 19, 117.3 (1930); Chem. Abs., 25, 5850 (1931); van Os, D., and Dykstra, K., J. pharm. 
ch%m., 25, 437, 485 (1937). 

“Boyer, J., Am. Perfumer, 17, 389 (1922). 

•Korotkov, K. N., Mem. Belloruss. State Acad. Affr., 5, 36 (1927); Bnt. Chem. Abs., B, 650 (1929); 
Lesohhim. Prom., 4* No. 11, 6 (1935); Chem. Abs., 30, 8658 (1936). 

TJorissen, W, P., and Vollgraff, J. A„ Chem. Weekblad. 12, 93 (1915); J. Chem. Soc., 108(ii). 80 
(191?). 
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tban in ai'tificial light,® dne to its ultraviolet rays. Jorissen and Vollgraff claim 
that the autoxidation of pinene under the influence of the rays from a Uviol lamp 
increases the electric conductivity of oxygen. 

Pinene itself on exposure to ultraviolet rays gives acetylene, ethylene and 
hydrogen, the liquid containing some isoprene.® 

Dedichen and Halse ® expose raw turpentine oil to the action of ultraviolet 
rays while subjecting it to the action of air or oxygen. The oil is then treated 
with iron chloride to refine and deodorize it, and obtain a mixture of a- and 
^*pinenes containing dextrorotatory ^-pinenes. 

Selenious acid or anhydride may react, under pressure and in the presence of 
ultraviolet light, with compounds containing the group CH=CHCH 2 , eventually 
yielding unsaturated a-^~diketones. As starting materials, 1-methane, a-pinene, 
yS-pinene, dipentene-3-methene and eugenol may be employed.^® 

When light acts on mixtures of acetone with some terpene alcohols the forma- 
tion of pinacols can be confirmed. No other derivatives could be isolated by 
Scagjiarini and Saladini.^^ Terpinol hydrate did not condense with acetone. How- 
ever, 79.7 gm. of acetone and 53 gm. of geraniol after thirteen months in sunlight 
gave 63 gm. of acetone, 32 gm. of geraniol and a yellowish residue, boiling at 
20840°C. and composed of (CH 3 ) 2 C«CHCH 2 CH 2 .C.CH 3 «CHCH(OH)C(OH) 
(CH 8 ) 2 . From a similarly exposed mixture of acetone and menthol about W per 
cent of the original compounds and an analogous condensation product were recov- 
ered. Similar results were attained with borneol and acetone. 

When air is passed through isoeugenol in which is immersed a lamp emitting 
ultraviolet rays, vanillin is formed.^^ The rate of oxidation depends upon the 
penetrating power of the rays. This in turn depends upon the clearness of the 
isoeugenol and makes necessary the use of the more expensive distilled isoeugenol. 
Even with this, the oil darkens in a couple of hours and the rate of oxidation 
rapidly decreases. Another difficulty attending the commercial application of the 
process is the fact that the rapid circulation of air through the solution as employed 
in practice caused a considerable loss of isoeugenol by vaporization. In one run 
in which 30,000 cu. ft. of air were circulated per hour through 800 lbs. of iso- 
eugcnol, the loss amounted to about 80 lbs. in eight hours. It was presumed that 
the oxidation of the isoeugenol was due to the action of ozone formed in the 
circulated air by the ultraviolet rays. Genthe and Co.^^ claim that the yield of 
vanillin may reach 95 per cent. 

Scagliarini and Saladini exposed 4.7 gm. of fenchone and 4 gm. of toluene 
in 100 cc. of water in 5-liter flasks full of oxygen to sunlight for nearly a year. 
Much carbon dioxide was formed and 9.3 gm. of benzoic acid could be separated 
from eight such flasks in addition to some acetic acid. Similar experiments with 
fenchone and ethyl alcohol in water gave much carbon dioxide, considerable acetic 
and some oxalic acids and an undetermined compound with 49.39 per cent carbon 
and 11.32 per cent of hydrogen. Neither fenchone nor alcohol could be oxidized 
separately and no easily oxidizable addition product of the two could be detected. 

» Urbain, E., and Seal, C,, Compt, rend., 168, 887 (1919). 

» Dedichen, H.. and Halse, O. M., tJ. S. P, 1,253,793, Jan. IS, 1918; Chew. Abs., 12, 770 (1918). 

laschwcnk, E., and Borgwardt, E., German P. 608,136, Jan. 17, 1935; French P. 751,807, Sept. 11, 
1933; Chem. Abs., 29, 6246 (1935). , , v , 

^Scagliarini, G., and Saladini, G., Cast, chim, ital., 53, 135 (1923); Chem. Abs., 17, 2281 (1923). 

M»Wood, B. G., Chem. & Met, Eng., 28, 399 (1923). 

Genthe and Co,, German P, 224,071. 

W'Seagharini, G„ and Saladini, G., Gass. chim. ital., 53, 135 (1923); Ch^m. Abs., 17, 2281 (1923). 
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Similar experiments with pinene and oxalic acid gave carbon dioxide, tar, much 
unchanged pinene and oxalic acid and some acetic stcidM 

)S-Caryophyllene nitrosite in solution evolves nitrogeh when exposed to red 
light^® Its absorption is confined to a narrow band with its head at about 
The quantum yield is, for the nitrogen formed, 0.38 and for the disappearance of 
the nitrosite as determined optically, 1.37.^® These values were obtained with oxy*^ 
gen excluded. In its presence, the latter value was higher, 2.9. The gas evolved 
in the absence of oxygen contained 86.1 per cent nitrogen and 13.9 per cent of 
nitrogen trioxide. 

That nitropiperonal becomes brown on exposure to sunlight was noted by 
Ekeley and Klemme.^® Since the isomeric nitropiperonal isolated from a Kahlbaum 
product is brownish-yellow, it was thought that it might have been produced from 
the Ordinary form by a light reaction. When, however, ordinary nitropiperonal 
was exposed in thin layers to sunlight and to ultraviolet light, the brown product 
yielded on recrystallization only nitropiperonal and a tarry brown residue but no 
isomer. 

Piperitone in aqueous acetic acid or alcohol yields (in the light of a quartz 
mercury arc) needles of a dimer which can be separated into three fractions of the 
same composition and molecular weight, but which differ in form, melting point 
and ability to form a semicarbazone, Carvone seems also to form two dimers 
under these conditions. In sunlight, however, both piperitone and carvone each 
form only one dimer.^^ 

Pimpinellin when subjected in a thin layer to diffused sunlight for two and a 
half months or to ultraviolet light for 16 hours, and then extracted with ethyl 
acetate, yields a dimer melting at 237-S^C, When heated four hours on a water- 
bath with 5 -per cent sodium hydroxide this dimer gives furan-2,3-dicarboxync acid. 
The action of light upon pimpinellin in cold acetic acid gives a different dimer, 
melting at 256-7® C., from which the furan derivative could not be isolated after 
alkaline treatment.^i 

Attempts to isomerize campholic acid by means of ultraviolet light have not 
been successful ; nor does ultraviolet light accelerate the isomeric change of nitro- 
camphor, or of hydroxymethyl cne camphor.^® In the case of aminomethylene- 
camphor there is a marked acceleration, which ceases when the stimulus is removed. 
Benzoylcamphor also undergoes isomeric change more rapidly in the presence of 
radiation, but the acceleration persists after the rays have been withdrawn, possibly 
because of the liberation of benzoic acid which acts as a powerful catalyst in pro- 
moting the isomeric change. 

In sunlight, a-naphthylaminocamphor in chloroform forms substituted green 
compounds with the solvent; the reactions are reversed in darkness. The sub- 
stance is oxidized in solution in the presence of light, and eventually naphthylamine 
liberated in the reaction precipitates in the form of hydrochloride.®^ Singh and 

^ For other early observations of this type see Ciamiclan. G., and Silber. P., Atti accad, Lincei, 22, 
It. 470; Suida, H., Monatsh., 33, 1277 (1912); Benrath, A., and v. Meyer, A.. Chem. Abs„ 7, 352 
(1913), 

"Kretners, E.. Phorm. ArcK 2, 273 (1899). 

"Mitchelt, S., /. Chem. Soc., 3238 (1528). 

^Hoffman. B. M.. /. Am. Chem. Soc., 56, 1894 (1934). 

^•Ekeley, J. B„ and Klcmme, M. S., I. Chem. Soc., 50, 2714 (1928). 

«>Treibs, W., Ber., 63B, 2738 (1930); Chem. Abs., 25, 1513 (1931), 

‘^Weascly, F.. and Dinjasky, K., MonaUk., 64, 131 (1934); Chem. Ahs., 28, 6435 (1934). 

*»Lipp, P., and Reinarta, F., Helv. Chim. Acta, 10, 611 (1927). 

^hovrty, T. M., and Courtman, H, R., /. Chem. S&c., 103, 1214 (1913). 

^UkrtL, B. N.. /. Pliyi. 35, 2371 (1931); Chem. Abs., 25, 5350 (1931). 
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Bhaduri extended the observations of phototropic change to other solvents. It 
is absent in methyl, ethyl or ethylene iodides. The oxidation reaction yields 
a-naphthylimiiiocamphor and the rotatory power is increased. Both reactions are 
inhibited by water or sodium ethylate. 

Diazocamphor prepared from inactive camphor, as well as that prepared from 
the dextro-compound, are decomposed in benzene solution by light of wave-length 
2200-3000A, but visible light has almost no action.^® 

The transfommtion of santonin into photosantonic acid and isophotosantonic 
acid prot:eeds by way of intermediate compounds.-'^ Photosantonic acid and prob- 
ably alBO isophotosantonic acid are very transparent to ultraviolet rays, but san- 
tonin is not. No confirmation could be obtained by Piutti of the reported recon- 
version of yellow santonin into white on boiling. Any visible alteration of santonin 
crystals under radiation could not be confirmed. 

Other Compounds with Oxygen in Rings. 3-Methylcyclohexenone irradiated 
by a mercury arc for seventeen hours in dilute methanol gives a saturated dimer 
melting at 144-5 and an unsaturated liquid, oily dimer. The photodimer of 
3,5-diniethylcyclohexenone melts at 161 -2^C. The mother liquor gives an isomer 
and an unsaturated substance, boiling at 203-5° C. (17 mm.).-® 

Tanasescu-® finds that i!?i.r-o-nitrobenzalpcntaerythrito-l-spiran (I) in the solid 
state becomes slowly coloi*ed in sunlight. The change proceeds more rapidly in 
solution, especially in benzene. (Compare nitrobenzaldehyde. ) Only one of the 
two nitro groups in I reacts with the formation of a compound II. By alkaline 
saponification of II. <7-nitrosobenzoic acid and a product III are formed. That III 
still contains an unaltered nitro- group is shown by its photochemical behavior, 
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whereby it is rapidly converted into IV. I rapidly becomes colored on exposure in 
the solid state to sunshine, the melting point falling in ten days from 166° to 95 °C. 
In ethanol, no crystallizable reaction products can be recovered, but in acetone, 
ethyl acetate, chloroform, pyridine, and especially benzene, the reaction product 
is the compound II, of melting point 135°C. In the last-named solvent, the reaction 
requires only fifteen minutes. 


B. K., and Bhaduri, B., T^ans, Faraday Soc., 27, 478 (1931) ; Chem, Abs,, 25, 5627 (1931). 
Brcdig, G,, Mangold, B., and WlUiums, T. G., Z. angew. ('hem., 36, 456 (1923): Chem. Abs., 17, 
3868 (1923). 

5*^ Piutti, A., Atti accad. Lmcei, 22, ii, 92 (1913). 
a» Trdb». W., J. prakt. Chem., 138, 299 (1933). 

^ TSnftscscu, I., Bui. soc. stiinte Cluj, 2, 111; Chem. Alts., 19, 2932 (1925). Sec ali*o Raduleecu, P., 
Chem,' Abs., 18, 1285, 1286 (1924), 

^Coraubert, H., Andre, M,, de Dtmo, M., Joly, JR., Louis, P., Kobitict, P., and StreheJ, A., Bull, soc 
> chm., 5, 513 (1938); Chem. Abs., 32, 5384 (1938), 
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Beiizylt4ine derivatives of a-methylcycloheatanone and a-methylcyclopentanwe, 
.md of a-isopropylcyclopentanone> undei^o oxidation or polymerisation on stand- 
ing. This may be accelerated by ultraviolet light ^ , 

4-Methyl-2,6-dianisal-l -cyclohexanone is photosensitive and slowly turns orange- 
red behind glass. Its pale rose pentabromo-derivative is also photosensitive, turn- 
ing maroon and violet-red.®^ 

Mixtures of indole, various aldehydes and ethyl alcohol, set aside in closed 
bottles in diffused light for one year and then in sunlight for another year, showed 
progressive chromatic changes.®^ These were greatest with a- methyl indole, less 
evident with indole and least with scatole. This agrees with the ease of formation 
of rosindoles from these three compounds. Distilled with steam, the distillate 
contained unaltered indole, while from the filtered residue the aldehyde was recov- 
ered on cooling. In every case there was also recovered from the residue a 
ros indole. Solutions of diindyl-t»-niethoxy-/)thydroxybenzylidene in methanol, 
ethanol, acetone, chloroform and ethyl acetate are at first colorless, but become 
intense red on exposure to light and air. 

Stobbe and Farber ®® have carried out a series of experiments on the photo- 
polymerization of pure indene. In ultraviolet it resinified.®^ 

de Fazi illuminated 2.5 gni, of a-methyl-i^-phenylindone in 10 cc. of dry ben- 
zene in a quartz te.st tube with a 1500 c.p. quartz mercury arc for a total of 
71 hours during 13 days. Crystals of one form of dimethyl diphenyltruxone sepa- 
rated, white, melting at 307-8® C. From the benzene, unchanged a-methyl-j8- 
phenylindone and the other isomer of the dimethyldiphenyltruxone, yellow, melting 
at 250-260®, were separated. Each isomer treated with concentrated sulfuric acid 
gave a-methyl-/?-phenyliiidone. The white isomer is sensitive to light, developing 
a partially reversible yellow color. In sunlight, the yellow form at the melting 
point for ten minutes is converted into a-methyl-^-phenylindone. The oxime and 
phenylhydrazone of a-methyl-yS-phenylindone were exposed to ultraviolet light in 
benzene. A small amount of a new compound, melting at 73-5® C., was obtained, 
but the oxime and phenylhydrazone of dimethyldiphenyltruxone have not been 
obtained in this way. From ;8-phenyl-^'-phenyltruxone irradiated in benzene with 
ultraviolet for 48 hours a new yellow isomer of ^-phenyl-j8'~phenyltruxone, melting 
at 184-5®, was obtained.®® 

The reciprocal reduction and oxidation of ketones and alcohols by light to 
pinacols and aldehydes occurs also in the case of of,^'-diisoxazole ketone.®’’' Ten 
grams of this compound and 70 cc. of 95-per cent ethanol in a sealed tube exposed 
to sunlight until the reaction was complete (ten days) yielded 9.7 gm. of a,/8'-diisox- 
azolepinacol, melting 195-6® C. Exposure of the ketone in benzene and in toluene 
to sunlight led only to traces of reduction products and to unidentified tars. In 
water, the reaction was very slow, the corresponding acid being formed after six 
months. 

•^'PoKlpi, R.. and Gottlieb. M,. Gass, chim. M,, 64, 852 (1934); Chem. Abs.. 29, 2152 (1935). 

••Mingoia. Q., Cass, chim. ital„ 56, 781 (1926); Chem, Abs„ 21, 1118 (1927). 

« Stobbe, H., and Farber. E.. Ser„ 57, 1843 (1924), 

**Gun*. A., and Mingnin, J., Compt, rend., 152, 373 (1911); note Weger. M., and BiUmann. A., 
36, 642 (1903); Ciaxnician. G., and Silber. P., Bet., 46, 420 (1913). 

*de Faai, P., Gass, chim. iial., 54, 996 (1924). DieWorohydrindones from the chlorination of tt^methyj- 
/S'phenylindone slowly lose chlorine in diffused light. De Fazi, R., and Pirronc, F.. Gass, chim. ittU., 67, 
128 (1937); Chem, Abs., 31, 6649 (1937). 

••See also Stobbe. H.. and Zschoch, F., Ber., 60B, 457 (1927). 

M., Gass, chim. ital., 63, 419 (1933); Chem. Abs., 27, 5327 (1933). 

••Milas. N., and McAlevy, A., /. Am. Chem. Soc., 56, J219 (1934). 
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UltraviaJet light of wave-lengths in the range 4500 to 3600A accelerates con- 
siderably the decomposition of furoperacid (obtained from di-fnroyl peroxide) 
either in the solid state or in solution in glacial acetic acid.®® 

Compounds Containing Nitrogen 

The lower melting form (65,5-66-S®C.) o! methyl-4-benzylidene-3-methyl- 
hydantoin-Wcetate when exposed to daylight or ultraviolet light in the presence 
of a trace of iodine is partly converted into the stereoisomer melting at 98.5-99.S®C. 
and partly into a polymer melting at 276-278® C.®® 

Some decomposition also occurs with formation of benzaldehyde. The higher- 
melting stereoisomer similarly yields the lower-melting form and the polymer, the 
change being preceded by an induction period. 4-Benzylidcne-3-methylhydantoin- 
1-acetic acid also exivSts in two stereoisomeric forms, melting at 186.5-187.5® and 
198*5- 199.5® C. The former does not yield measurable quantities of other products 
when exposed to light for five months. The latter is much more rapidly changed, 
with production of a small proportion of the lower-melting form and a polymer 
melting at 293-294® C. 

Thymine glycol is easily broken down even in neutral solution by daylight or 
light from a carbon arc. Lactic aldehyde is formed as an intermediate product 
which isomerizes into acetol. In weakly alkaline solution, thymine glycol yields 
urea, acetol and carbon dioxide. In the presence of an oxidizing agent, the prod- 
ucts are urea, pyruvic acid and carbon dioxide. With hydrochloric acid solutions 
or in solutions in which the acidity is produced by the growth of sulfur bacteria, 
a new anhydride of thymine glycol is produced by carbon arc irradiation. A deep 
red compound which forms in acid thymine glycol solutions is decolorized upon 
irradiation to a faint yellow, which shows a green fluorescence in ultraviolet 
light.^* ^ 

3-MethyI-6,7-benzoylene-^,j8-b€nzopyrrole readily forms solvates and its solu- 
tions show different colors which are more or less rapidly decolorized by light, 
cspecialty ultraviolet light.**® 

a-PicoHne in benzene in the presence of anthraquinone gave, after five months 
of exposure to sunlight, 5.3 per cent of picolinic acid and about 10 per cent of a 
dark resinous substance soluble in normal sodium carbonate, difficultly soluble in 
twice normal hydrochloric acid, and giving no precipitate in alcohol with picric 
acid. Of the anthraquinone, 97.5 per cent was recovered unchanged in experiments 
of John and Behmel.^® 

Pyridine. Freytag and Neudert find,^^ contrary to Berthelot and Gaudechon, 
that pyridine is changed by ultraviolet radiations of wave-length less than 3000A. 
The change is marked by a strong yellow color and an increase in density from 
0.97827 to 0.98232 in less than five hours. In methyl alcohol a yellow color begins 
to appear after four minutes and is marked after two hours. In ethyl alcohol it is 
first seen in five to ten minutes, in acetone in ten minutes, in amyl alcohol in three 
minutes and in benzene in thirty minutes. Various salts accelerate the appearance 

D. A., and Evans. J., /. Am. Chem. Soc., 49, 2877 (1927). 

<0 Johnson, T. B., Batidisch, O., and Hoffmann, A., /. Am. Chem. Sac., 54, 1106 (1932); Bass, L. J, 
/did.. 46» 190 (1924) has discussed the oxidation of thymine in light. See also Baudisch, O., and David- 
son, D., Ber., 58B, 1680 (1925). 

For the photosensitivity of various pyrrole ferrocyanldes, see ♦Pratesi, P., Gaes. chim. Ual., 55, 658 
(1935). 

« Scholl, R., BSttger, O., and Stix, E., Ber., 67B, 1922 (1934). 

** John, H., and Bchmd, G., Ber., 66B, 426 (1933); Chm. Abs., 27, 3216 (1933). 

'4| Freytag, H., and Neudert, W., /. prakt. Chem.. 135, 15 (1932); Chem. ABs. 27, 724 (1933). Frey- 
tag has revfewed his extensive invesitijnstions, Phdi. Karr., 73, 17, 37, 57 (1937). 
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of the color and others inhibit it. Inorganic and organic acids also catalyse the 
reaction, hydrochloric, nitric, malic and citric acids being particularly effectii^e. 
Bases are inactive. The zinc chloride compound of pyridine is decomposed into 
its constituents and the pyridine is changed into the colored photopyridine* 

Filter paper impregnated with pyridine, its hydrate or alcoholate, is colored 
yellow by ultraviolet light. Such papers give various colors on the addition of the 
salts of aromatic amines. Thus a-naphthylamine hydrochloride gives a light 
brownish-'yellow color and the ^-isomer a carmine red color. By the use of such 
papers, aniline hydrochloride may be detected in dilutions of one part in ten 
thousand, The test may also be adapted to the detection of pyridine in a dilution 
of 1 : 26,840. Since the photopyridine is sensitive to water, the test papers ^ould 
be protected from moisture. Although the color reactions of irradiated pyridine 
with primary amines are not in every case sufficiently definite to identify the amine, 
they may serve to indicate the class to which it belongs.^® The color and fluores- 
cence of solutions of photopyridine with each of 21 aromatic sulfonic acids were 
also given. F-acid does not react, probably because of the hindering effect of the 
sulfonic acid group in position 7. The colors produced in most of these identifica- 
tion tests are changed to yellow or orange by alkalies, but the original color is 
restored by acids. 

‘‘Photopyridine'* can be isolated by treating the pyridine solution with zinc 
chloride. It is obtained as a syrup, ruby-red in color, which decomposes on heat- 
ing and evolves the odor of pyridine. With boiling jfif-naphthylamine hydro- 
chloride, it gives red-brown needles, which yield colorless crystals on heating. 
/)-Nitroaniline hydrochloride gives an orange color; the ether solution is reddish 
orange, with a green fluorescence. ^Thotopyridine” is not formed in the absence 
of oxygen, but it is not among the products of reaction of pyridine with ozone or 
hydrogen peroxide. It gives a violet color with a purple-violet fluorescence with 
sodium, potassium and calcium hydroxides, but not with sodium carbonate, sodium 
borate, di sodium phosphate or ammonia. It gives aldehyde reactions and evolves 
ammonia on treatment with alkalies, and may be regarded as the ammonium deriva- 
tive of the enolic form of glutacondialdchyde, CHO-(CH**CH) 20 NH 4 .^® 

''Photopyridine’^ is formed by wave-lengths in the region 2540 to 2660A-*^ 
Various derivatives of pyridine are also affected by the lines 2540 and 2650 and 
to a smaller extent by 2480 and 2400A.^® With the exception of .yyw-collidine, the 
photoproducts of the homologous pyridines are similar to photopyridine in struc- 
ture. These include 2-, 3- and 4-methyl, 2,4- and 2,6-dimethyl, 2,4,6-trimethyl, 
2,3,4,5-tetracarboxyl and 2-aminopyridmes, The 3-amino- derivative is most 
affected at the wave-lengths 3650, 3130 and 3020 A. The resulting photoproducts 
of these pyridines may be identified by the colors they give with ^-naphthylamine. 
The derivative from diethyl collidineclicarboxylate is apparently the same as that 
from its hydrogen derivative. The photoproducts are in most cases destroyed by 
diffused or direct sunlight. Certain pyridines irradiated by wave-lengths less than 
3000A become yellow to yellow-brown in aqueous or alcoholic solutions although 
the products may not be aldehydic, the enol-aldehyde being converted into the 
dialdehyde form which is then resinified by free acid. 

«Freytag, H., /. prakt, C/ww., 139, 44 (1933); Chem. Abs.. 28, 1701 (1934); prakL Chern,, 136, 
193 (1933); Chem, Abs,, 27, 2449 (1933). 

«Fe!gl, F., and Anger, V„ /. praH. Chem., 139, 180, 343 (1934); Freytag, H., Ber., 673, 1995 
(1934); 69B, 32 (1935). 

Freytag, H.. and Hluffca, F., /. prakt. Chem., 136, 288 (1933); Chem, Abs., 27, 2687 (1933). 

, “Freytag, H., /. krakt, Chem., 138, 264 (1933); Brit, Chem, Abs, 1933A, 1304; Ber, 693, 32 
(1936); Chem, Abs,, X, 2966 (1936) • 
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A solution of 3-bromo-S-aminopyridmc, which assumed an intense color in a 
short time^ gfave no aldehyde reactions, but increased in acidity during tile first 
hour and showed the presence of bromide ions. The increasing color possibly 
acted as an internal filter and slowed the reaction. Oxygen was involved since the 
coloration began at the surface. The amino- group also may possibly have been 
attacked. 2-Methyl-5-aminopyridine becomes yellowish -brown but gives no alde- 
hyde reactions and shows no change in pH. Another group of derivatives shows 
no coloration, but if they contain halogen atoms or ester ified carboxyl groups may 
form halogen ions or free acids on irradiation. Stable toward ultraviolet are 
4^chloropicolinic acid and S-aminopyridine-3-carboxylic acid, which latter has a 
magnificent blue-violet fluorescence, as well as pyridine-2, 3-dicarboxylic acid and 
coramine, 3-C5H4NCON(C2H5)2. The chlorine atom is not removed from 4-chloro- 
2-aminopyridme which becomes colored, possibly because the amino- group is 
attacked. The rapid brown-yellow coloration of aqueous solutions of 5,6-dichloro- 
pyndtne-3-aldehyde and the 4,6,2-isomer may be due to attack of the aldehyde 
group. 4-Iodopyndine-2-carboxylic acid in acid solution liberates hydriodic acid, 
which is photo-oxidized to iodine and water. Photochemical saponification of 
diethyl 2,6-dimethylpyridine-3,5-dicarboxylate occurs. 

Pure, colorless 2-benzylpyridine, on standing in dififused daylight, becomes 
yellow-red to brown and shows weak green fluorescence.'*® Filter paper impreg- 
nated with a solution of the base (two drops in 10 cc. of alcohol or benzene) turns 
yellow or brown after one-half to one minute in daylight, gray-brown or greenish 
after one hour. The product gives a red-purple dye with hot /?-naphthylamine solu- 
tion. With this pyridine derivative, the color of the pbotoproduct differs somewhat 
with the wave-lengths used for the irradiation. Longer ones (3650-2700A) give 
a green discoloration and shorter ones (2650-2480A') a yellow one. The shorter 
rays prodtiqe the usual aldehydic substance and the longer ones, 2-benzoylpyridinc 
with «,^rdtphenyl-di-2-pyridylethane,®® 

The reaction has been used in printing fa1)rics.®^ The fabric is impregnated 
with a solution of 2-benzylpyridine in 96 per cent alcohol ; after evaporation of the 
alcohol the fabric is covered with a negative plate and exposed to sunlight or ultra- 
violet rays. When working on cotton, the positive is washed with soap, rinsed 
and ironed while still moist. 

Muller and Dorfman find both pyridine and papaverine, in oxygen-free 



Papaverine 


Papaveraldine 


^•Frcytag, H., and Muller, A., Naturwiss,, 21, 720 (1933); Chem, Ahs., 28, 710 (1934). 
w Mailer, A., and Dorfman, M., J, Am Chem , 56, 2787 (1934); Momt&h., 65, 411 (1935). 
#Freytag. and Mfiller, A., Momtschr. TestilM,, 48, 239 (1933); Chem, Abs„ 28, 5245 (1934). 
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water vapor, to be tinalfectcd by light,®® bot 2-benzylpyndine, 2‘bem5oylpyridme 
and papaveraldine darken. Papaverine in benzene gives 10 per cent of papaver- 
aldine. In the solid state and in presence of oxygen, papaverine and papaveraldine 
become brown after several hours in mercury light. 

Koller®® states that 6-styryl-2,4-dichIoro-3-cyanopyridme (obtained by heating 
the 6-inethyl compound with benzaldehyde) changes in diffused daylight into a 
substance melting considerably higher and of double the molecular weight Of the 
original compound. That the polymerization consists in the formation Of a cyclo- 
butane ring, with destruction of the ethylene bonds of two molecules of the styryl 
compound, is indicated by the fact that although the original compound is yellow, 
the polymer is colorless. The polymer does not react with potassium permanga- 
nate in cold acetone. Thinking this ijolymerization might be a property of stilba- 
zoles in general, Koller exposed a number of other compounds of this type to sun- 
light and to quartz light but was in no case able to effect dimerization. Cantieni 
finds that, in the presence of 0.001 to 1 per cent of pyridine, there is evolution of 
carbon monoxide from fructose solutions when exposed to ultraviolet light. The 
solution also turns brown. More concentrated pyridine solutions did not produce 
this effect, which is proposed as the basis of a method for the detection of pyridine 
in very dilute solutions containing not less than 0.001 per cent. Acetone inhibits 
the formation of the color, which is less readily formed in solutions containing 
glucose, galactose, sucrose or lactose. Pure pyridine and aqueous solutions more 
concentrated than 1 per cent are opaque, and solutions more dilute than 0.001 per 
cent are transparent to ultraviolet light. 

Filter paper soaked in an alcoholic solution of quinoline or lepidine, treated 
with a O.OS per cent aqueous solution of pyridine and irradiated, slowly becomes 
yellow. The reaction may be used for the detection of pyridine in the presence 
of nicotine, since the latter gives only a grayish color.®® 

Phototropy is exhibited by 2,4,4,6-tetraphenyl-l,4-dihydropyridine, as well as 
by diphenacyldiphenylniethane, 2,4,4,6-tetraphenyl-3,5-dibenzoyl-tetrahydropyran, 
all three becoming violet in light and reverting to colorless in the dark.®® 

2- Pheny 1-3 -methyl-quinoline in benzene solution in the presence of anthra- 
quinone gives (on prolonged exposure to sunlight) in addition to dark resinous 
matter about 3 per cent of 2-phenylquinoline-3-carboxylic acid.®^ 2-Phenyl-6- 
methylquinoline yielded 8 per cent of the 6-carboxylic acid,®® 2-/^-Tolylquinoline 
gave no acid and and 37,5 per cent was not attacked, but considerable tar was 
formed. Conquinine sulfate similarly gave 56.0 per cent quininic acid and about 
2.6 per cent of a dark resinous substance. Of the base 36 per cent was unaltered, 
as was 90.9 per cent of the sensitizer. 

On long standing in diffuse daylight and more rapidly in sunlight, 6,7-di- 
niethoxy-1 -benzyl -N-methyl- 1,2,3,4-tetrahydroquinoline- 1 -carboxylic acid evolves 

Henri, V., and Angenot, P., Compf, rend,, 201^ 895 (1935), state that hght of wavelengths greater 
than 2750A has no photochemical action on pyridine vapor. Ultraviolet light does not influence the 
nitration of pyridine in the vapor phase by nitrogen peroxide, Shoruigin, P. P., and Topchiev, A. V., 
Ber., 1874 (1936). 

"Koller, G., Ber., 60B, 1920 (1927); Chem. Abs., 22, 80 (1928). 

Cantieni, R., Helv. Chim Acta. 17, 1492 (1934); 18, 3, 1420 (1935); Chem Abs,. 29, 1034 
(1935); 30, 1662 (1936). 

" (3astiglioni, A., Anna/i Chtm. Appl.. 27, 256 (1937); Brii. Chem. Abs., A (11), 478 (1937), 

"dc Carvalho, A. P., Compt. rend.^ 200, 60 (1935). 

"John, H.. and Behmel, G., Ber., 66B, 844 (1933); Chem. Abs., 27, 3713 (1933). 

For the behavior of p-metlioxyquinolinc, sec Maschmann, E., Ber,, 59B, 2825 (1926). 

"John, H., and Andraschko, E., Ber., 64B, 1286 (1931); Chem. Abs., 25, 4275 (1931). 
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Cfttboii dioxide and changes to a yellow oil no longer soluble in alkali.^ Benzylidette 
fnmaldine, exposed to sunlight as a solid or in bcnssene solution, forms a dimer 

Scholl, Semp and Stix find the arylpyrrolinoanthranolazyls to be nitrogenous, 
free organic radicals characterized by the absence of all tendency to dimerizaticm, 
and resembling in stability toward air, acids and alkalies, the common dyes with 
normal valency. They are unstable toward light, being rapidly decolorized in 
solution by sunlight. 

Histazarin dimethyl ether monoxime is converted by ultraviolet light into a 
mixture of the trms and cis forms.®® 

Visible light hastens the oxidation of N-raethylphenazonitun salts, producing 
mainly the 4-ketocompound, pyocyanine and phenazine, with small amounts of 
2-'hydroxyphenazine and 2-keto-N-methylphenazine. Photochemical oxidation of 
the ethosulfate yields 4-keto-N-ethyIphenazine.®^ 

Alkaloids 

Lesure®® found considerable ultraviolet absorption by solutions of caffeine, 
eserine salicylate, apomorphine hydrochloride, and quinine bisulfate. Solutions of 
eserine salicylate and apomorphine hydrochloride were only slightly discolored 
and no polarimetric change was observed after an exposure of 15 to 30 minutes. 
Solutions of cocaine hydrochloride or 1-per cent quinine bichloride or pilocarpine 
hydrochloride were not effected upon exposure for 30 minutes to the light of a 
Cooper-Hewitt lamp. 

Nicotine. This alkaloid, its zinc chloride double salt, isonieth iodide and 
dimethyliodide in water and in cyclohexane all exhibit a strong absorption band at 
26S0A,«® 

Ultraviolet light produces a change in nicotine solutions.®'^ A 0.1 -per cent 
solution when exposed in a quartz flask at 5 cm. from an ultraviolet source for 
15 minutes showed a decided decrease in nicotine content. On the other hand, 
Custis claimed tliat a 40-pcr cent solution of commercial nicotine, when exposed 
for 30 minutes at 5 cm. from an iron arc showed an increase in the amount of 
nicotine present. Custis assumed that in this case some nicotine had been synthe- 
sized from certain oils present as impurities in the commercial sample. Attempts 
to synthesize nicotine photochemically have not been successful. Irradiating a 
2--per cent aqueous solution of formaldehyde in 62N ammonia with which was 
admixed some copper carbonate gave, in experiments by Watson and Vaidya,®® 
methylamine but no nicotine. This did not support the view of Bhargava and 
Dhar that nicotine is formed by the action of light on formaldehyde and ammonia. 

The destruction of nicotine has, however, been repeatedly confirmed. In the 
presence of such sensitizers as potassium chromate, gold chloride, ferric nitrate, 
iodine and chlorophyll, sunlight causes decomposition of aqueous solutions of the 
alkaloid, present either as free base, salicylate, tartrate or malonate.®® In tobacco, 

wHahn, G.. and Stichl, K.. Ber., «9B, 2627 (1936); Chem, Ahs., 31, 1815 (1939). 

« Henze, M., Ber., 70B, 1273 (1937); Chem. Abs., 31, 5800 (3937). 

WSclioll. R., Semp, H., and Stix, E., Ber., 60B, 1236 (1927); Chem. Abs., 21, 2684 (1927). 

«Haq, M., Ray, J. N., and Tuffail-Malkana. M., i. Chem. Soc., 1326 (1934). 

«*McIlwain, H., J, Chem. Soc., 1704 (1937). 

Lesnre, A.. /. pkarm. Chm., 7, 1,569; Chem, Abs., S, 963 (3911). 

“iLowry, T. M.. and Iloyd, W. V., J, Chem. Soc., 1376 (1929). 

wCustia. H. H., /. Frank. Inst,, 184, 878 (19X7). 

4* Watstm, H. K, and Vaidya, B. K., J. Indian Chem. Soc,, 11, 441 (1934); Bnt, Chem. Abs, A, 
Ul# (1934). 

«» Botnilcdw, J., and Weber, K., Chem Ztg., 55, 237 (1931); Chem, Abs., 25, 2921 (3931). 
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the mte of destruction was mtich less. Orang^e-red light was believed to be the 
most effective. 

It has been found that, after irradiation from a mercury arc, nicotine solutions 
have partially lost their effect on the blood pressure of dogsJ® Wakeham and 
Tracy found that although the reduction of toxicity might amount to 70 to 75 
per cent in 75 minutes, it subsequently returns almost to the original value. Gant 
observed that after, 105 minutes of irradiation, a 0.1 -per cent soluti<m of nicotine 
had lost its basicity and that after 150 minutes it had acquired a slight acidity. 
At the neutral point the solution had a slight vasopressor activity. The product 
contained nicotinic acid, methylamine and unchanged nicotine. After 12 hours 
of irradiation the solution became neutral again, because of the destruction of the 
nicotinic acid, malotiic acid and methylamine. Traces of nitrates, nitrites and 
ammonia were then found, The irradiation of nicotinic acid gave rise to the same 
end products. During the irradiation of nicotine, the solution darkened in color. 
This was ascribed to the formation of yellow oxidation products of nicotinic acid. 
The color is destroyed by further irradiation. 

Quinine. The beautiful fluorescence induced in quinine solutions by vis- 
ible and ultraviolet light has long been admired. Fabre employed it in measur- 
ing the rate of elimination of quinine in the urineJ^ Similar fluorescence methods 
apply also to hydrastinine and other alkaloids. 

The exposure of solutions of quinine salts to ultraviolet rays is said to have 
no effect on the paralyzing influence of these solutions on Paramecium and Vorti- 
cellai^^ notwithstanding the view of Roskin and Romanova that irradiation 
increases the toxicity. Giordani holds that, when exposed to ultraviolet rays 
in the presence of various substances, solutions of quinine undergo transformation 
into the toxic isomer, quinotoxin. Among the accelerators of the change are 
urethane and glycerol, which are frequently used in the preparation of solutions for 
intramuscular or intravenous injection. Alcohol, chloroform and hydrochloric acid 
were found ineffective in this changed® Macht and Teagarden found that 
fluorescent solutions of quinine and quinidine sulfates became pharmacologically 
more active after ultraviolet irradiation. 

Weigert observed the absorption of oxygen during the irradiation of an 
aqueous solution of quinine sulfate in contact with air. The reaction velocity 
increased with increasing concentrations of the quinine sulfate, but was diminished 
by the addition of an acid. From experiments with gas mixtures containing vari- 
able proportions of oxygen, it was found that the reaction velocity increased con- 
tinuously as the partial pressure of the oxygen diminished. With a mixture of 
nitrogen and oxygen containing only 0.6 per cent of oxygen, the velocity was about 

Higgins, J. A., Ewing, P. L., and McGuigan, H. A., J. Pharmacol,, 42, 213 (1931); Chem. Abs^^ 
25, 5934 (1931), 

Wakeham, C.. and Tracy, G. P„ / Am. Chepi. Soc , 55, 1601 (1933); /. Pkatmacd., 44, 
295 (1932); Chem. Ahs., 26, 3.301 (1932) 

wGant, V. A.. 7. Pharmacol, 49, 408 (1933); Brit. Chem. Ahs„ 1934A, 196, 

Fabre, R., Ball soc. chim., 7, 1024 (1925). 

wSec also CaujoHe, F., Bull soc. chim. Hoi, 12, 299 (1930). 

Milanesi, E., Arch, farm sperm., 46, 29, 33 (1928); Jirovec, 0., and Bouse, V,, Z. Immunitatsf., 
78, 100 (1933); Chem. Ah^., 27, 5114 (193 3). 

Roskin, G., and Romanova. K., Z. Immunithtsf., 62, 147, 158 ; 63, 452 (1929); Chem. Ahs., 24> 
5867 (1930). 

^Giordani, K., Annali chim. appl., 18, 239 (1928); Brit. Chem. Abs., 1928A. 907. 

’^For the effect of ultraviolet on monoacyl derivatives of quinio acid, see Josephsoa, K, Bttr., 60B« 
2270 (1927). 

” Macht, D. I., and Teagarden, E. J., Jr., 7. Pharmacol, 22, 21 (1923). 

Weigert, F.. Festschrift fV. Nemst, 1912, 464; 7. Chem. Soc., 102 (U), 1120 (1912). 
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thirty times as large as with pure oxygen. The nature of the oxidation process 
appeared to vary with the proportion of oxygen. 

Hie reaction between quinine and chromic acid has been repeatedly investigated 
The early observations of Goldberg®^ seemed to indicate that the velocity is 
dependent on the extent to which the radiations employed were absorbed by the 
chromic acid. Luther and Forbes®^ found, however, by using monochromatic 
radiations, that quinine is the substance which is light-sensitive, the chromic acid 
acting only as a filter. The total reaction velocity is proportional to the concen- 
tration of the hydrogen ion. The reaction appeared to occur in two stages: 
(1) the formation of “sensitized” quinine with a velocity proportional only to the 
light absorbed and (2) a reaction between this product and chromic acid with a 
velocity proportional to the concentration of the latter and of sulfuric acid. 

Forbes and co-workers have conducted an elaborate series of investigations on 
the qi^ntum yield at seven wave-lengths.®® The quantum yields change with sul- 
fufi^ kcid concentrations at 4050, 3660, 3130 and 2800A and cannot be correlated 
with the effect of the acid on the extinction of either the quinine or the dichromate. 
Since the extinction coefficients are additive, it appears improbable that a stable 
complex is formed, analogous to that of uranyl oxalate. Instead, the reaction 
occurs in photocheinically efficient clusters in the sense in which the term had been 
employed by Weigert. Irradiation of the dichromic acid did not increase its 
tendency to react wth non-activated quinine, except possibly at wave-lengths shorter 
than 2800A. The temperature coefficient of the reaction is 1.12. By graphical 
methods, the reaction order was found to be zero for quinine and 0.43 for 
dichromic acid or 0.86 for chromic acid. For sulfuric acid, it is only 0.07, indi- 
cating a subordinate role for this reactant. Ten quinine derivatives appear to give 
simlter quantum jdelds. The values are of the order of 0.065 to 0.027 for quinine 
and most of the other alkaloids except cinchonine and cinchonidine, for which they 
are smaller. The low values are not due to the direct photolysis of the alkaloid. 
Probably a quantum is first absorbed by the quinoline group of the molecule for 
the logarithm Of the quantum yield, at least in the case of quinine, is a linear 
function of the logarithm of the concentration of excited molecules. The activated 
molecules then reduce the chromic acid, one activated quinine molecule reacting 
with one of chromic (not dichromic) acid. In the case of all the alkaloids tested, 
the secondary hydroxyl group of the activated molecule appeared to be chiefly 
responsible for the reduction of the chromic acid. The significant suggestion is 
made that the energy absorbed by the quinoline group may be transferred to the 
secondary hydroxyl, this transfer occurring only when various photochemically 
inactive groups are substituted for hydrogen on the opposite side of the quinoline 
group. The energy transfer may be a resonance phenomenon.®®® Quinine does 
not react at 4360A, where absorption is negligible, but decomposes at 4050A where 
absorption is considerable. With cinchonine, no photolysis occurs at 4050, but 
does occur at 3660A. With vuzin, the shift is toward the red; absorption is 
marked at 4360A. The quantum yield decreases as the number of quanta absorbed 

« Goldberg:. K., Z. wiss. PhoL, 4, 95 (1906); Chem. Soc., 90 (ii), 514 (1906). 

** Luther, R., aijd Forbes, G. S., /. Am. Chem, Soc,, 31, 770 (1909). 

Forbes, G. Woodhousc, J. C., and Dean, R. J, Am, Ch6m, Soc,, 45, 1891 (1923); Horton, 
D. S., /. Phys, Chem,, 33, 1135 (1929); Forbes. G. S.. Hcidt. L. J., and Boissonaa, C. G., /. Am 
Chem. Sec,, M, 960 (1932); Forbes, G. .S., Hcidt, L. J., and Brackett, F. F,, Jr., Tbid., 55, 588 (1933), 
Forbes, G. S., and Heidt, L. J., Ibid., 55, 2407 (1933). Foid»es, G. S., Cold Spring Harbor S;^posta 
Qmnt, Biol,, 3, 1 (1935); Chem. Ab$,, 30, 6648 (1936). Accurate absorption data for quinine at 
Tarloua acid concentrations were obtained in the course of this work. 

Compare the views of Norrish on the simpler molecules of aldehydes. 
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in the first centimeter of the reaction mixture increases. The yield is a maximum 
for quinine at 2800A and for cinchonine at 2S40A. 

Piperidine metavanadate turns black with liberation of ^piperidine upon irradia- 
tion with ultraviolet light. ' ' 

Light from a quartz mercury lamp causes a change in the absorption spectrum 
of ergometrine^ which may serve to distinguish it from other ergot alkaloids.®® 
Strychnine in sulfuric acid is unaffected by the addition of small amounts of 
uranyl acetate ; but on exposure to sunlight, the solution becomes violet, as a result 
of oxidation. This method may be used for the detection of 1x10^® part of 
strychnine.®® Under the same conditions of exposure, codeine and morphine gtv^ 
a deep blue color. None of the common alkaloids gives a similar reaction. This 
blue coloration may also be obtained by using a solution of uranyl acetate which 
alone has been exposed to the sunlight. This is due to the formation of form- 
aldehyde, the addition of which to a solution of codeine in sulfuric acid with 
uranium or iron acetates in the absence of sunlight gives an intense blue coloration. 

** Baudisch, O., and Gates, F. L., /. Am. Chem. Soc*, 56, 373 (1934). 

** Bcimekou, 1., and Schpu, S. A., Dansk Tids. Farm, 10, lOS (1936); Chem, Abs., 30, 3944 (1936). 
See also Harmsma, A., Pharm. VPmkhlad, 65» 1114 (192S); Chem. Abs., 29, 235 (1929). 

«*Aloy, J., Valdigu^, A., and Aloy. R., Bull. soc. chrm., 39, 792 (1926); Chem. Abs., 20, 2952 (1926), 



Chapter 28 

Effects of Light on Halogenation Reactions 

Visible light of short wave-length and ultraviolet rays have long been emplo; 
to assist in reactions involving halogenation. Chlorination of toluene in light 
make benzyl chloride, benzal chloride and benzotrichloride and, by hydrolysis the 
from, benzyl alcohol, benzaldehyde and benzoic acid, is a procedure of long sta: 
ing. In fact, this application has received considerable commercial use. 

During the World War I there was a shortage of amyl alcohol which stimula 
extensive investigations on the chlorination of butane, pentane and hexane to mo 
chlor compounds which in turn could be converted into the corresponding alcohols 
acetates.^ Methods based upon these developments have been superseded in praci 
by entirely different processes, so that these photochemical reactions are at pres 
largely of historical or purely theoretical importance. 

It is convenient to discuss halogenation reactions in a separate chapter si 
they depend for the most part upon the absorption of the light energy by 
halogens rather than by the organic reactants. In this discussion, the orga 
compounds are considered in about the order in which their photochemical re 
tions have been considered in previous chapters. Due consideration must be gi 
to the possibility that in some instances, particularly those in which unsatura 
organic compounds play a part, there may be an absorption of light by the orga 
substance in addition to that absorbed by the halogen. 

Schumacher * has reviewed the photochemical reactions of the halogens v 
aliphatic compounds. Hass, McBee and Weber® conducted photochemical chl< 
nations of propane, n- and iso-butane and n- and iso-pentane at temperatures 
from —60'^ to 300® and studied the reaction in the dark at temperatures up 
600®C. They separated the products by distillation and identified them rigorou 
When pyrolysis temperatures were avoided, no rearrangements of the carbon sk< 
ton occurred during either the photochemical or the thermal chlorinations, Ev 
possible monochloride derivable without such rearrangement was found to 
always formed. This generalization extended to all polychlorides studied. Phe 
chlorination of liquid l-chloro-3-methyl-propane at 7°C. yields 7 or 14 per c 
of overchlorinated product when a given amount of chlorine is added slowly 
rapidly.^ 

Although Tolloczko® obtained by the irradiation of streaming mixtures 
chlorine and natural gas at 80 to 100®C. by an ultraviolet lamp, such products 
methyl chloride, dichlormethane, carbon tetrachloride and di-, tetra- and he 
chlorethane, Baskerville and Riederer® found it was the blue rather than 

Me Lattre, J., French P, 468,244, Feb, 9, 1914; /. Soc, Chem, Ind., S3, 9S3 (1914). 

•Schumacher, H. J., Angew, Chem., 49, 613 (1936). 

•Has*. H. B., McBce, E. T., and Weber, P., Ind. Eng. Ch^m., 27, 1190 (1935); 28, 333 (19 

♦Hass. H. B.. McBee, E. T., and Hatch. L, F., Ind. Eng. Chem., 29, 1335 (1937). 

•ToUocako, S., AbhandL Krakauer Akad. fVissensch,, 52, 307; Ckem. Zentr., 84, II, 99 (19 
Ch 0 m. Abs., 8, 1282 (1914). 

•Baskerville, C., and Kiederer, S., Ind. Eng, Chem., 5, 5 (1913). 
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ultraviolet rays which accelerate the reactions. Brooks, Smith and Essex ^ found 
similarly that once the chlorination of pentane had been started, it would proceed 
very smoothly in diffused daylight. Mott and Bedford® demonstrated that the 
flaming carbon arc gave more rapid chlorination of isoamyl chloride, isopentane or 
benaene than did the quartz mercury arc. Furthermore, little efficiency was lost 
by the use of glass containers when the flaming arc was used. 

In subsequent experiments on the chlorination of methane, Bedford® found 
diffused daylight to produce little or no reaction as long as the percentage of chlo- 
rine in the gases was low. Upon suddenly exposing such mixtures to the white 
flame arc there was an instantaneous explosion of the gases. 



Cc. Chlorine 


Figure 116, Chlorination of Natural Gas. 

Figure 116 shows the results reported on the chlorination of natural gas at room 
temperature in the presence of various quantities of chlorine. After each exposure the 
3:ases were cooled by shaking up with water which removed the hydrogen chloride and 
:ondensed such reaction products as were liquid at the temperature of the water. The 
i^olume of the residual gases was then noted and the contraction from the original gas 
i^olume calculated. Starting with three liters of natural gas there was always an 
jnreacting residue of about 200 cc. showing that about 2800 cc. would react with chlorine.* 

To avoid the formation of carbon tetrachloride, Bedford tried filling the reaction 
dumber with cracked ice. He reasoned that in this manner he should obtain only the 
ii- and tri-substitution products, since methyl chloride is a gas at the temperature of 
ce and the other products might be expected to condense out before forming the tetra- 
chloride. The first experiment, however, indicated the difficulty of securing proper gas 
circulation. After many variations in the set-up, Bedford employed the apparatus shown 

’Brooks, B. T., Smith, t>. F,, and Essfx, H., Ind. Eng. Chem,, 10, 511 (1918). 

W. B.. and Bedford, C. W., Jnd. Eng. Chem., 8. 1029 (1916), 

• Bedford, C. W., Ind. Eng. Chem., «, 1090 (1916). 

* The horizontal dotted lines in Figure 116 represent percentages of the total contraction obtained 
and aid in the study of the curves. 
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in Figttre 117, An 8-Hter, two-necked Woulfe flask, with the bottom removed, was 
placed over a single ice cake chipped to nearly fill the flask As the ice melted in the 
top of the reaction chamber, the flask settled upon it, keeping the ice in the top of the 
chamber where the cooling is i^st needed, until the bottom of the flask touched the 
bottom of the vat. The dotted lines show the point of highest temperature as shown by 
the melting of the ice. Upon starting the reaction, by means of the white flame arc, 
with the chlorine content of the gases about one in eight, the circulation was found to 
be rapid and violent.^ It was found that 2.6 cubic feet of natural gas gave 166 cc. of 
reaction products. This is equivalent to about seventeen gallons per thousand cubic 
feet. This included methylene chloride and chloroform dissolved in the water, which 
were separated by distillation. 



Fic.ukb 117, Bedford’s Apparatus for P^igure 118. Modification of Bedford’s 
Chlorination of Methane. Apparatus. 


A^^ large wooden reaction chainber, practically duplicating Figure 118, 28” by 28" 
by 44", inside dimensions, was built for carrying out the reaction on a large scale. In 
one experiment using 250 cubic ft of natural gas. the rate of consumption varied from 
14 to 30 cubic feet per hour and several gallons of product resulted. The analysis of the 
liquid reaction product separating out under the water was as follows, the percentages 
being by volume: 

Table 21. — Chlorides from Natural Gas. 

Methylene Carbon Ethane 

Chloride Chloroform Tetrachloride Chloridea 

35 35 5 20 

The analysis of the part soluble in the water and separated by distillation was : 

60 28 1.5 6 

About 14 per cent of the reaction product dissolves in the water produced from the 
melting of the ice by the heat of the reaction. This soluble portion may be entirely 
recovered by distilling off 5 to 10 per cent of the water, the methyl chloride coming over 
With the distillate, and the residue being abotat a 5-per cent solution of hydrochloric acid, 
provided that no water has been added except that produced by the melting of the ice. 
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About 135 j^ouuds of ice were itecessary for the production Of one gallon of product 
having the composition given above. 

According to Padovani and Magaldi,^*^ the condition necessary for obtaining 
a maximum yield of monochloromethane in the photochemical chlorination of 
methane by use of the mercury arc is to have the ratio of ^methane to chlorine 
between 15 to 1 and 19 to J. Then up to 29 per cent of chldrine goes to methyl 
chloride and 80 per cent of the total chlorine is utilized. The ratio of methyl 
cliloride to chlorine present in liquid products is 1,75. The efficiency of energy 
utilization is extremely low. This is the most serious obstacle to the commercial 
utilization of the process. 

Comparatively few theoretical studies have been made of these chlorination 
reactions. In the case of methane, the chlorination is a chain process, quantum 
yields of 10^ being foimd.^^ The reaction is strongly inhibited by traces of oxygen. 

From an analogy between this reaction and the hydrogen-chlorine combination, 
Jones and Bates suggest that it occurs by virtue of chlorine atoms and free 
methyl radicals, the latter formed by the action of tlie chlorine atom on methane. 
From their rate experiments, conducted vrith a flowing system in a glass spiral 
illuminated by a Pyrex mercury arc, they were unable to determine whether the 
methyl group or a hydrogen atom carried the chains. Simple considerations of 
the collision mechanism of a chlorine atom with the methane molecule made the 
former seem the more probable. 

The total chlorination of pentane in the liquid phase and with rigid exclusion 
of oxygen which is an inhibitor was studied by Stewart and Weidenbaum.^*"* 
UvSing light of 3650 A, they found a quantum efficiency of 192. The reaction rate 
is proportional to the chlorine concentration at constant light intensity. The 
mechanism involves the reactions: 

CU + hp > Cl 4- Cl. 

Cl 4- CsHxs HQ 4- Cr.Hai 

aUn + CU > CsHnCI F Cl. 

This mechanism fulfills the necessary conditions that the overall reaction, as well 
as every step, be exothermic or have hut a small energy of activation. The correct 
experimental rate law is derivable if the chain-terminating step is taken to be a 
formation of chlorine molecules at the wall or inert molecules. 

Benrath and Hertel found that perfectly purified and dried carbon tetra- 
chloride contains free chlorine after several days of exposure to light. The amount 
of decomposition is not sufficiently great to hinder the use of carbon tetrachloride 
as a solvent in which to study the photochlorination of various aliphatic com- 
pounds. Since halogen compounds are frequently used as solvents, it may be noted 
that chloroform is comparatively un.stable under the influence of ultraviolet radia- 
tion^** and further that trichloroethylene is on occasions a somewhat fickle solvent 
disengaging hydrogen chloride.^® 

During the period from 1912 to about 1025 a considerable number of patents 
dealing with the chlorination of various saturated hydrocarbons were issued. It 

Padovatti, C, and Mdgaldi, F,, Giorn. Chim. fnd. Applkata, 15, 1 (1933); Chem. Abs*, 27, 3443 
(1933). 

^Coehn, A., and Cordes, H., Z. pkysik, Ckem., 9B, 1 (1930). 

Jones, L. T., and Bates, J. R., /. Am. Chem. Soc., 56, 2282 (1934) 

** Stewart, T. D., and Weidenbantn, B-, 7. Am. Chem. Soe., 57, 1702 (1935) 

Benrath, A., and Hertel, E., Z. wiss. Phot., 23, 30 (1924). 

^''Kailan, A., Utmafsh., 38. 537 (1917); 7. Chem. Soc., 112, i. 209 (1917). 

« Eisner. W., Chem. Z., 41, 901 (1917). 
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is feasible here to do no more than cite these, since most deal with details of 
apparatus for applying ultraviolet rays.^^ 

Graul and Hanschke** boiled normal hexane in an enameled vessel on a water-bath, 
and passed the vapors through a vertical fractionating column into a second vessel in 
which they were mixed with chlorine. The mixture, containing an excess of hexane 
vapor, passed into a third vessel in the middle of which a mercury lamp was burning. 
The vapors leaving this reaction vessel were passed through a condenser in whi^ the 
chlorhexanc and the excess of hexane condensed and passed through a siphon into a 



Figure 119. 

Apparatus of Brooks, Essex and Smith for 
Chlorinating Liquid Hydrocarbons. 


distillation vessel, while the hydrochloric acid formed during the process was allowed to 
escape from the circuit. The fractionating column attached to the first vessel was main- 
tained at a temperature that allowed only hexane to pass, while chlorhexanc remained 
in the still and increased in quantity. To prepare monodilor-isoheptane, a Galician petro- 


Blanc, C., V. S. P. 1,248,065, Nov. 27, 1917; Rodebuab. W. H.. U. S. P. 1,402,318, Jan. 3, 1922; 
Okinaka, T., and Sakai, S., Japanese P. 3^994; Chem. Ahs.. 15, 1535 (1921); Japanese P. 39,940, 
July 16, 1921; Chem. Abs., 16, 3560 (1922); DuPont Co.. French P. 453,406, June 21, 1913: Pfeiffer, I., 
and Ssarvasy, E., U. S. P. 1,012,149, Dec. 19, 1911: /. Soc. Chem. Jnd., ii, 91 (1912); SneUiag, 
W, O., U. S. P. 1,523,563, fan. 20, 1925: 1,285,823 and 1,325,214: Chem. Abs., 14, 369 (1920); 
U. S. P. 1,27U90, July 9, 1918; 1.523,563, Jan. 20, 1925; Keyes, P. G.. U. S. P. 1,237, 652^ A^. 21, 
1917; Sparre, F., and Maaland, W. E., U. S. P. 1.379,367, May 24, 1921; Tompkins, H, t., British 
P. 780, Jan. 18, 1915: /. Soc. Chem, Ind.. 34* 1225 (1915); Leiacr, R., and Ziffer, F., U. S. P. 
1,459,777, June 26, 1923; S611, J., and Ruxikcl. K., (^rman P. 49^316, Dec. 12, 1922; Keyes, F. G., 
U S. P. 1,198,356, Chem. Abs., 10. 2315 (1916); Lacey, B. S., IL S. P. 1,308,760; them. Jtbs., 13, 
f^2l9 (1919). 

» Graul, O., and Hanschke, G., U. S. F. 1,032,822, July 16, 1912. 
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Icttm fracttcm amststinif chkBy of isoheptaiws wa$ m a iead-Uned vessel i^ovidcd 

with fractfonating coltmui and raised to the boiling point, at a pressure of SO mm. of 
meroury. The vapors were mixed with chlorine and passed tl^ough a vessel containing 
a mercury lamp. In order to chlorinate 10 parts of hydrocarbon, about 7 parts of 
chlorine were necessary. The chlorination product consisted chiefly of a mono-<Mor- 
isohcptane which boils at about 140®C. and contains 26.S per cent of chlorine. By 
treatmg, in a similar manner, the repeatedly purified fraction of Galician petroleum which 
boils at from 75" to 81" C., a product was obtained boiling between 135" and 145 "C*, and 
containing 29.1 per cent of chlorine, whereas pure monochlorhexamethylene contains 
theoretically 29.8 per cent of chlorine, 

A few patents dealt with the chlorination of liquid hydrocarbons. Brooks, Essex 
and Smith emphasized the necessity of introducing the chlorine in minute bubbles at a 
point in the liquid remote from that at which the rays of light enter, and agitating so 
as to maintain a large excess of hydrocarbon in the zone where the reactions occur. 
It was believed that this led to the production chiefly of monochlor- products (butyl, 
pentyl and hexyl chlorides) from gasoline, aseful in the manufacture of artificial ‘^amyl 
acetate.” (See Fig, 119.) The unchanged oil is separated from the chlorides by fractional 
distillation. If dichlorides are to be produced, the container is charged with mono- 
chlorides rather than with hydrocarbons. Even solid materials as paraffins may be used 
if they are melted or dissolved in carbon tetrachloride. 

Brooks and Padgett chlorinated solar oil in this manner and subjected the dichloride 
obtained to a high temperature in the presence of a catalyst. This treatment split off 
hydrochloric acid and produced unsaturated hydrocarbons with an iodine number of 
from 120 to 150 suitable for the formation of “drying” films like those of linseed oil.*^ 

After a lapse of nearly ten years, patents in this field have again begun to 
appear. In a continuous flow method for the vapor phase photochlorination of the 
saturated aliphatic hydrocarbons with three to five carbon atoms, as butane or iso- 
butane, Britton, Coleman and Hadler 22 employ surfaces in contact with the 
reacting mixture cooled to a temperature (below 250®) which prevents the forma- 
tion of chloroolefines. For preparing monochloro- derivatives, Teichmann, Klein and 
Rathemacher treat a paraffin h 3 ^drocarbon material, such as a pentane fraction, 
in the liquid phase while exposed to ultraviolet light with a reagent consisting of 
polychloro- derivatives of the hydrocarbons. The rcactiv>n products ate then sub- 
mitted to a reaction with chlorine under such pressure as to maintain the reaction 
products in the liquid phase, so that monochloro- and polychloro- compounds and 
hydrogen chloride are formed. The hydrogen chloride is removed and the chloro- 
compounds separated into two fractions, one containing the mono- and the other 
the polychloro- derivatives. 

According to Sharp, 2** a material containing a high percentage of propane and a 
compound such as the lower chloropropanes convertible into a trichloropropane are 
treated with chlorine in the presence of a chlorination catalyst such as copper 
chloride or ferric chloride under the influence of actinic rays, and in a plurality of 
stages at increasing temperatures. 

In their studies of the higher polychlorides obtainable by the chlorination of 
2-chloro-2-methylpropane in the liquid phase, Rogers and Nelson used ordi- 
nary incandescent lamps for activation. They were chiefly concerned with the 
characterization of the various higher chlorides obtainable by fractional distil- 

« Brooks. B. T., Essex, H.. and Smith, D, F., IT. S. P. 1.101,916. July 18, 1016. 

«> Brooks, B. T., and Padgett, F. W., U. S. P. 1.220,821, March 27, 1917. 

® Details of another chlorination process involving both liquid and vapor phase chlorinatiott suc- 
cessively have been given by Boyd, M. T., U, S. P. 1,293,012, Feh. 4, 1919. 

w Britton, E. C., Coleman, C. H., and Hadler, B. C., tJ. S. P. 1,954,438, April 10, 1934, to Dow 
Chemical Co.; Chi'm, Abs,, 28, 3739 (1934). 

« Teichmann, C. F., Klein, H., and Rathcmacher, C, P.. U. S. P. 2,015,044, Sept, 17, 1935; Ckem. 
Abs„ », 7338 (1935). 

« Sharp, W. K., U. S. P. 2,001,039, Aug. 6, 1935; Chem. Abs„ 29, 6252 (1935). 

» Rogers, A. O., and Nelson, R. E.. Ckem, Sac., 58, 1027 (1936). 
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iation^ There were obtained from 3500 cc., 305 cc. of (CHn) 2 CClCH 2 Ci, 600 cc» 
of (CH 2 ) 2 CClCHa 2 , 875 cc. of iCtishCa(Cns^C\) 2 , 460 cc of 1,1 A3-tetrachloro- 
2“tnethylpro|mne and 130 cc. of C1C(CH2C1)8. Chlorination of 400 cc. of the 6J"st 
fraction of these gave 140 gm. of (CH 3 ) 2 CQCCl 2 . Chlorination of the CHsCH 
(CH 2 CI )2 gave the l,2,3rtrichloro- and 1,1,2,3-tetrachloro- derivatives. (CHa)^ 
CQCH 2 CI gave the 1,1,2- and the 1,2,3-trichloro- derivatives. In general, the 
presence of a chlorine atom on a carbon atom promoted further substitution on 
that atom.^® 

Chlorination of Chloroform. Gault and Truffault^^ found chlorine with- 
out action on chloroform in the dark or when exposed to radiations of wave-length 
longer than about 6390A. Violet light had a vslight effect and ultraviolet rays 
(3000 to 3400A) a great one. The reaction begins at --S°C. and becomes rapid 
at 5-10® C. Dry chlorides of calcium, zinc or aluminum act to some degree as 
catalysts, but ferric chloride appeared to inhibit the reaction entirely by acting as 
an internal filter. Even in the absence of any stimulus other than ultraviolet, the 
reaction is complete and carbon tetrachloride results. Benrath and Hertel 
observed an induction period of about thirty mintites when the reaction was carried 
out in carbon tetrachloride. 

In the vapor state, the rate of the reaction at 50 to 70° C. is proportional to the 
square root of the chlorine concentration and to the square root of the absorbed 
energy.-® The temperature coefficient is 1.45 between 50 and 60°C. Oxygen prac- 
tically suppresses the formation of carbon tetrachloride and yields phosgene. The 
reaction has a chain mechanism, with the following four reactions: 

CU -f hv ^ Cl -f Cl. 

Cl + CHCh ^ CCla -h HQ 

CQa + Cl. » ecu + Cl 

CO. + CCI. > CU 4- 2CCU. 

Chapman®® finds the average quantum yield of hydrogen chloride 1.70 in the 
chlorine-sensitized photooxidation of chloroform in carbon tetrachloride solution; 
in the vapor phase it is about 100, 

In the replacement of bromine by chlorine in bromotrichloromethane, Nod- 
dack®^ reported a quantum yield of unity at high concentrations. This was 
decreased to about 0.2 when dilute solutions were used. A later study by Griiss 
indicated a value of 0.88, independent of the concentration. These workers 
assumed that the reaction is a simple replacement, and determined the rate of the 
change by measuring the absorption changes which attended the liberation of the 
bromine. The possibility that an error might arise because of the formation of a 
bromochloride led Vesper and Relief son to examine the reaction again. They 
found the reaction more complicated than had been assumed, a chain process being 
involved. They employed the group of lines at 3660A isolated from the mercury 

For the chlorination of methyl chloride and dicbloiomcthanc, see DachTaiier, K., and Schmitaler, E., 
French P. 816.990, Aug. 21, 1937, to I. G. Farbenind. A.-G.; Chetn, Ahs , 32, 2142 (1938); German 
P. 657,978, May 25, 1938; Chem. Ahs., 32, 5856 (1938). 

Gault, H„ and Truffault, R, Compt. rend., 179, 467 (1924); Chem. Ahs„ 19, 35 (1925). 

Benrath, A., and Hertel, E., Z. ttnss. Phot., 23, 30 (1924). 

Schumacher, H. J., and Wolff, K., Z. phystk. Chem., 25, 161 (1934). Sec, however, Schwab, G. M., 
and Ileyde, V., Z. phystk. Chem., B8, 14^ (1930). 

«« Chapman, A. T.. J. Am. Chem. Soc., 56, 818 (1934). 
mNoddack, W., Z. Blektrochem., 27, 359 (1921). 
wGruss, H., Z. Etekiroehem., 29, 144 (1923). 

"Veaper, H. G., and Rollefsoti, G. K., J. Am. Chem. Sor., 56, 1455 (1934). 
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axe radiations by nieans of a filter, in order to avoid the decomposition of hromo* 
tricbloromethane which Paterno had found to occur in the region below 3350A. 
By ^ectrographic methods and a knowledge of the original chlorine concentra- 
tion, it was possible to calculate the concentrations of chlorine, bromine and bro- 
mine chloride present at any time. The reaction was found to be 

CU -f CBrCU BrCl + CCU 

no hexachloroethane being formed. (A second reaction in which free bromine 
and two molecules of carbon tetrachloride are formed occurred to only a negligible 
extent.) The rate of the reaction varied directly with the chlorine concentration 
raised to a power between 1, and 1.5, and with the bromotrichloromethane concen- 
tration to a power somewhat greater than 0.5. The rate was markedly retarded 
by bromine chloride. It was not affected by the total pressure, but was doubled 
by increasing the temperature from 28 to 50° C. No dark reaction occurred. 
The incident light intensity enters the rate law by a power slightly greater than 
0.5. Inert gases had practically no effect on the reaction rate. The quantum 
yield was found to be much higher than previous workers had indicated. It reached 
at least thirty at the beginning of the reaction but decreased to less than ten when 
the concentration of the bromine chloride had become large. The quantum yield 
could be decreased by lowering the concentrations of either of the two reactants. 

A little attention has been devoted to iodination reactions of the saturated 
simple paraffins. Iodine derivatives of the paraffin series, excepting liquid methane, 
may be obtained by mixing the hydrocarbon in the dark with hydriodic acid and 
subjecting the mixture to the action of light rays of short wave-length or to the 
silent electric discharge. The reaction temperature may be reduced, according 
to the Badische Co.^^ by operating under diminished pressure. 

The photochemical formation of phosgene in the action of chlorine on chloro- 
form in the presence of oxygen is inhibited by such substances as methanol, ethanol 
and ammonia. The duration of the inhibition is proportional to the quantity of the 
inhibitor.’*® It is due to the removal of the chlorine atoms by the inhibitor, since, 
if the latter is first chlorinated, it ceases to affect the reaction. 

Unsaturated Hydrocarbons 

A few early patents were devoted to the chlorination of unsaturated hydro- 
carbons. Eldred and Mersereau state that olefins produced by cracking oil 
may be treated with chlorine in the presence of rays of a mercury-vapor lamp in 
order to obtain chlorinated products. They noted that the operation requires 
caution since the reaction is violent. Ragaz, Paillard and Briner passed 30 cc. 
of kerosene over iron turnings in an iron tube at temperatures of 550 to 800° C. 
and obtained about 13 liters of gas containing about 30 per cent of unsaturated 
compounds. By passing a slight excess of chlorine into the gas as it was formed 
in diffused daylight about 57 per cent of the gas was converted into a mixture 
of chlorinated hydrocarbons. This gave fractions distilling at 65- 100° C., 70.69 
per cent chlorine; 100-125°C., 73.41 per cent; 125-150°C., 75,14 per cent These 
were mobile fluids whose flash points were 5°C., 19°C. and 36° C., respectively. 

Paterno. E., lahresh. Chem.. 24, 259 (1871). 

Badische Anihn ii-Soda Fabrik, German P. 266,119, Ou 31, 1911. 

«« Schumacher, H. J., and SundhofI, D., Z. Blekiroch^m, 21, 499 (1935). 

’"Eldred. B. E., and Mersereau, G.. U. S. P. 1.234,886. July 21, 1917. 

®*Baffaz. Y.. Paillard, H., and Briner, E., Helv. Ckim, Acta, 8, 22S (1925) ; J. Chem. Ind,, 
192SB, fto. 
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They readily dissolved sulfur, iodine or white wax, The^ use of ultraviolet liipht 
or the addition of catalysts did not improve the yield of non-flammable solvents. 

In a patent of the I, G, Farbenindustrie 1,1,2-tnchloroethane is obtained by 
direct addition of vinyl chloride and chlorine gases without the use of a solvent 
by the aid of light or heat. 

The rate of addition of chlorine to ethylene is accelerated by the rays of the 
mercury arc>® Trichlorohydrin is obtained by further chlorination, in the presence 
of a sulfur compound such as sulfur dioxide, sulfur chloride, sulfuryl chloride, of 
propylene chloride or a similar compound obtained by saturating unsaturated 
hydrocarbons with chlorine.*^ The sulfur compound should not exceed 1 per cent 
of the amount of chlorine. Sulfur dioxide and chlorine may either be introduced 
separately or mixed. The reaction is effected in direct sunlight or ultraviolet rays 
or the light of the flaming arc. The product is separated from any unchanged 
propylene chloride by distillation. 

In the chlorination of propylene dichloride with metallic iron present, ultra- 
violet light and low temperatures favor the production of CHC1{CH2C1)2> Higher 
temperatures without irradiation favor the formation of CHCH3Cl.CHCl2*^^ 

Stewart and Weidenbaum^^ investigated the reaction between chlorine and 
ethylene, using light from a 500-watt tungsten lamp and filters. At 4360A the 
quantum yield appeared to be large. During the early part of the reaction there 
appeared to be a logarithmic relation between the chlorine pressure and the time, 
as well as a linear relation between the reaction rate and the light intensity. The 
experimental results could be expressed by mechanisms involving either atomic 
chlorine or CI3; the collision efficiency of ethylene with either should be high, since 
the reaction rate is independent of the ethylene concentration over wide limits 
The rate was thought to be determined by the rate of liberation of atomic chlorine 
from an intermediate, C2H4CI3. Any hydrogen added to the reaction vessel 
appeared not to react until the ethylene-chlorine reaction had gone to completion. 
When the reaction was carried out in solution in ethylene dichloride, it was very 
rapid and less than 10 per cent of the chlorine was involved in substitution reac- 
tions. But with pentane as the solvent, from 37 to 73 per cent of the chlorine 
entered into substitution and this could be increased by increasing the ethylene-to- 
chlorine ratio. 

Dickinson and Leermakers found it possible to chlorinate tetrachloroethylene 
in carbon tetrachloride solution by the action of blue light in the absence of 
oxygen. The chlorination proceeds as a chain reaction with a large quantum yield 
(300-2500) and at a rate proportional to the square root of the intensity of illumi- 
nation. In the presence of oxygen, in place of a simple inhibition, there occurs 
a chlorine-sensitized oxidation to trichloroacetyl chloride and phosgene.^® This 
reaction proceeds in solution with a comparatively small quantum yield (1 to 2.5) 
and at a rate proportional to the light intensity, and to the chlorine concen- 
tration.**^ The work on the chlorination of tetrachloroethylene has been extended 

"Britisb P. 298.084, Sept. 30, 1927, to I, G. Farbcnind. A.-G.; Brif. Chem. Abs., B, 122 (1929) 
^Kinumaki, S., /. Chem. Soc. Japan, 54, 142 (1933); Chem. Abs., 27, 2369 (1933). 

41 British P. 168,676, Feb. 18, 1921, to Glysyn Corporation; Chem. Abs., 17, 771 (1923). 

Levine, A. A,, and Cass, O. W., British P. 471,188, Feb. 28, 1936, to E. I. DuPont de Nemourf. 
and Co./; Brtt. Chem. Abs., B, 1309 (1937). 

** Stewart, T. D , and Weidenbaum, B., 7. Am. Chem. Sac., S7, 2036 (1935), 

<4 Dickinson, R G, and Leermakers, J. A., /. Am. Chem. Soc., 54, 3852 (1932). 

»C(. Besson, A., Compt. rend., 121, 125 (1895). 

Sec also Dickinson, R. (5., and Lecrmakeis, J. A., 7. Am. Chem. Soc., 54, 4648 (1932). 
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to the gas phase by Dickinson and Carrico,'*^ who conducted it at temperatures 
below 40^C. and followed the rate by measuring in an ingenious apparatus the 
change in pressure. In the absence of oxygen, the chlorination proceeded with tl^e 
formation on the walls of the vessel of colorless crystals having the odor of hexa- 
chloroethane. In the presence of oxygen little if any chlorination occurred, but 
phosgene and trichloroacetyl chloride were obtained. The rate of the chlorination 
was proportional to the chlorine concentration and to the square root of the inten- 
sity of the light absorbed. 

In the dilorine- sensitized photo-oxidatioxi in the gas phase about 300 molecules 
of tetrachloroethylene were oxidized for each quantum (3358A) absorbed. There 
was no strong dependence of the yield on the concentrations or light intensity. 

The chlorination of ^mw^y-dichloroethylene at 80-95° C. by the 4358A line of the 
mercury arc is a chain reaction.^^ For a chlorine pressure of 100 mm. and an 
absorption of 10^^ quanta per minute, the quantum yield is 7x10^ and the temper- 
ature coefficient 1,13. For pressures of the dichloride greater than 20 mra,, the 
rate is given by 


d(CdhC U) 

dt 




The mechanism involves the reactions : 


Cl F CJI«Ch > C«H.CI« 

C^ILCIh + Cl* ^ CaH*Ch + Cl 

2C*H*CL > 2CJI*Ch F CU 

The reaction is strongly inhibited by the presence of oxygen. 

The reaction with the ris- compound is ver)'^ similar."*® In this case, a sensitized 
oxidation with greater quantum yield does not occur. In the chlorination of tri- 
chloroethylene, the rate of formation of pcntachlorethane is proportional to the 
chlorine concentration and the scjuarc root of the energy absorbed. Only at pres- 
vsuies below 5 mm, is it dependent on the concentration of trichloroethylene. The 
temperature coefficient is 1.20. The quantum yield (chlorine at 100 mm. and 
1.7x10*^ quanta per second) is 700. The reaction is inhibited by oxygen and a 
sensitized oxidation occurs. 

Notwithstanding the many instances of inhibition of chlorination processes by 
oxygen, Willard and Daniels find the rate of photobromination of liquid tetra- 
chloroethylene witli light of 4360 A to he increased by small amounts of oxygen. 
But when one atmosphere of oxygen is used, the photobromination is almost com- 
pletely inhibited, probably because of a bromine-sensitized oxidation. The bromi- 
nation prodttets inhibit the reaction but the concentration of tetrachloroethylene is 
not important. The quantum yield varies enormously from 24 to only 0.009 
(moles of bromine disappearing per quantum) with values of 1 to 5 the most 
frequent. The free radical C 2 Cl 4 Br is believed to play a part in the reaction 
mechanism and it is suggested that the life period of this radical is much shorter 
at higher temperatures and that it is stabilized by oxygen. 

These authors also found that the photobromination of chloroform does not 
occur at 2650 A in the absence of oxygen, although a reaction takes place in the 

Dickinsmi, R. G., and Carrico, J. L.. 7. Am, Chem. Soc., 56, 1473 (1934); see also Stewart, T. D., 
and Smith, I). M., Ibid., 51. 3082 (1929). 

Mttller, K. L., and Schutnachcr, H. J., Z. phvsik, Chpm , B35, ZSS (1937) 

Muller, K. L., and Schumacher, IT- J., Z. physik, Chem , B35, 455 (1937); Z. FJektrochem, 43, 
807 (1937) 

soWdlarcl, J„ and Daniels, F., 7, Am Chem. Soc„ 57, 2240 (1935). 
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|>resencc of small amounts of the latter. Kaufmann and Hansen- Schmidt found 
a,^-diiodoetliylene to react rapidly with bromine in carbon tetrachloride in light, 
but not in darkness. 

Schultze®^ briefly called attention to the possibility of a bromine-sensitization 
of the oxidation of unsaturated hydrocarbons. 

The Action of Iodine on Unsatnratcd Hydrocarbons. Badger and Urm- 
ston®^ suggested the possibility of separating two types of iodine molecule, only 
one of which absorbs the 5461 A line, by causing the activated type to react photo- 
chemically witli hexene vapor. 

The photosensitizing action of iodine upon the decomposition of ethylene iodide 
in carbon tetrachloride solution has been studied by Schumacher and Wiig.®^ 
The rate is proportional to the concentration of the ethylene iodide and to the 
square root of the absorbed light energy. At lOO^C. the temperature coefficient is 
1.57 per lO'^. The mechanism involves a chain of simple type carried by iodine 
atoms. Murthi finds their data consistent with every collision between iodine 
atoms in solution resulting in the formation of iodine molecules. According to 
Schumacher and Stieger the quantum yield decreases markedly in the band 
region at 5461 or 5770A as compared with that at 4360A. Their results indicate 
that at 5460A and 5780A, excited iodine molecules for the most part give up their 
energy without dissociating. Murthi calculates from their diita and the assump- 
tion that every collision between iodine atoms produces a molecule, that the energy 
of activation is 12 kcals. as compared with an observed value of 11.8. No .steric 
factor is needed to bring the calculated and observed rates into agreement. Dickin- 
son and Nies,*^^ objected that Schumacher’s conclusion that excited molecules in 
the band region largely lose their energy without dissociating was the result of 
a failure to take into account possible variations in the absorption of the green and 
blue lines. They repeated rate measurements at various wave-lengths giving special 
consideration to the distribution of energy. As a result, they concluded that the rates 
are only slightly lower in the region of discontinuous absorption than in that of 
continuous absorption. The rate of the reaction depends only upon the rate of 
production of iodine atoms, irrespective of whether they are formed by primary 
dissociation or as a result of collisions of excited molecules, presumably with 
solvent molecules. 

When an equimolar quantity of iodine was added to 0.01 molar solutions of 
1 -butene in methylene chloride or chloroform and the solutions illuminated, 90 per 
cent of the iodine disappeared in three hours in the former solvent at —60 to 
— 90°C. and 98 per cent in the latter at —60 to On irradiating the solu- 

tions in quartz by a spark between high- tungsten steel electrodes, the iodine was 
evolved quantitatively within an hour in three stages. At 20°C. for 100 hours, 
84 per cent of the iodine was evolved, also in stages. 

In the quantitative photoioclination (4360, 5460, 6440 A) of the first six simple 

‘‘•’Kaufmann, H. P., and Hansen- Schmidt, E., Arch Pharm., 263, 32 (1925); J. Chetn. Soc , 128, 
Adi), 554. 

«^Schultze, G. R., J. Am, Chem, Soc., 53, 3561 (1931). 

5«BadRcr, R. M., and Urmston, J. W., Proc, Nat Acad, Scu, 16, 808 (1930); Chem. Abs , 2S, 
1737 (1931). 

Schumacher. H. J., and Wiig, E. O., Z. physik. Chem,, IIB, 45 (1930). 

Murthi, D. S. N., /. Indian Chem. Soc,, 12, 173 (1935); Brit. Chem. Abs., A, 832 (1935); Chem 
Abs., 29, 5351 (1935). 

Schumacher, H. J., and Stieger, G., Z. phystk. Chem,, 12B, 348 (1931). 

S'? Murthi, D. S., J. Indian Chem. Soc., 12, 173 (1935); Chem. Abs., 29, 5351 (1935). 

S8 Dickinson, R. G.. and Nics, N. P., J. Am, Chem. Soc., 57. 2382 (1935). 

Forbes, G. S., and Ndson, A. F., /. Am. Chem. Soc., 58, 182 (1936). 
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olefins at ^SS^C., the quantum yields vary as much as forty-fold. They fall off 
with decreasing frequency of light to the order of 0.01 at 6440A.®® The rate is 
nearly proportional to the concentrations of olefins and of iodine, and to the light 
intensity. 1 ,2-Diiodobutane, prepared at low temperatures, was photolyzed at 
-60, ^20 and 25°C., the quantum yields increasing from 0.7 to 1.15, 

DeRight and Wiig find that in red light, a solution of iodine and ethylene in 
carbon tetrachloride readily yields ethylene iodide, although no dark reaction 
occurs in 36 hours. The rate depends on the ethylene pressure and falls off with 
decreasing concentrations of iodine. The reaction probably involves excited iodine 
molecules. The photodecomposition yields iodine atoms, and the sensitized decom- 
position proceeds similarly. 

The photochemical chlorination of acetylene has been investigated by Peters 
and Neumann under a variety of conditions by static and dynamic methods. 
When mixtures of chlorine and acetylene at pressures up to 50 mm. were illumi- 
nated by a mercury arc, the pressure rose after a definite time, and then dropped 
suddenly, indicating the formation of C 2 H 2 CI 2 and C 2 H 2 CI 4 . With higher pro- 
portions of acetylene, larger proportions of the former compound were obtained. 
An increase of 30 per cent in the time of illumination increased the chlorine con- 
sumption by 5 per cent. The percentage of contraction on illumination increased 
with the pressure. Pure nitrogen had little effect on the reaction, but nitrogen 
containing about 5 per cent of oxygen stopped it. In the presence of a large 
excess of hydrogen, a smaller yield was obtained but there was practically no for- 
mation of hydrogen chloride. The explosive process C 2 H 2 + CI 2 — > 2C-f 2HC1 
cannot occur at pressures below 70 mm. 

The photobronii nation of acetylene, in which CoHoBro is formed, has been 
studied at 150°C. by Booher and Rollefson,®^ using the wave-lengths 4358, 5461 
and 5791 A. It is a chain reaction with chain length of from about 500 at 150®C. 
to 3000 at 20” C. independent of the wave-length. The rate depends on the first 
power of the light intensity and on powers of the bromine and acetylene concen- 
trations between zero and one. No difference is found in the effect of light of 
wave-lengths above and below the convergence limit of the bromine bands. The 
influence of temperature is very small. 

These experiments were repeated by Franke and Schumacher,®^ who mini- 
mized the effects of impurities by using greaseless valves and measured the rate 
by a spiral quartz pressure gauge. Their results differed, but exact rate equations 
could not be given. The following reactions were suj;gestecl as playing a part 
in the mechanism : 

Bra + hv > Br 4- Br. 

Br + GH.. > GHaBr 

GH.Br > GHa FBr 

GHaBr -f Bra > GHaBra -f Br 

GHaBr ^ W =*► GHa -f l/2Bra 

Br > Wall > l/2Bra 

Br 4- Br -f- M ^ Bra -f M' 

Forbes, G S., a«d Nelson. A. F., /. Am. Chem Sot.. 59, 693 (1937). 

DeRight, R. E„ and Wiig, E. O., J. Am. Chem. Soc., 58, 693 (1936). 

Peters, K., and Neumann, L., Anoew. Chem., 45, 261 (1932). 

Booher, J. E., and Rollcfson, G. K., J. Am. Chem. Soc., 56, 2288 (1934). 

Franke, W. K., and Schumacher, H. J., Z. phyiik Chem., B34, 181 (1936); see, however, Rollef- 
son, G. K., Z. physik. Chem., B37, 472 (1937). 
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Higher quantum yields (40,000) have since been found at 90®C and with 100 mm. 
pressure of each of the reactants,*^® 

The bromination of acetylene bromide, by wave-lengths 5460, 4360 and 4060A, 
is thirty times as fast in the gas phase as in Solution in carbon tetrachloride under 
equivalent conditions/*** In both cases, the unimolecular rate constant for the 
removal of bromine is proportional to the square root of the absorbed energy. The 
temperature coefficient is 1,4, 

Ghosh and Bhattacharya extend the work to include the iodination of phenyl- 
acetylene, dicyclopentadiene and /J-amylene.**^ 

Other Aliphatic Compounds 

Volmar claimed that methyl sulfate readily undergoes chlorination at ordi- 
nary temperatures under the influence of ultraviolet rays and more slowly under 
the influence of the light from an arc lamp or a metal filament lamp, the product in 
all cases being methyl chloromethyl sulfate. The fixation of a second chlorine 
atom was not observed. It was thought to require radiations of such a wave- 
length that the dichloromethyl sulfate would be decomposed as it formed. 

The bromination of ethyl alcohol occurs under the influence of light.**'^ The 
reaction is retarded by potassium bromide. A satisfactory mechanism has not yet 
been proposed. Berthoud believes C 2 H 5 O may function as an intermediary. In 
the case of propyl, isopropyl and butyl alcohols the quantum yields are large (5660, 
6800 and SSCOA).*^*^ They increase with temperature and decrease with increasing 
wave-lengths. The rate of the reaction increases with the amount of light energy- 
absorbed. At these longer wave-Iengrths the primary reaction is believed to be 
the activation of bromine molecules. The temperature coefficients were found to 
be above two in most cases. With Bhagwat, Malaviya and Dhar found the 
rate of the reaction with propyl alcohol to be proportional to the square root of 
the light intensity at 6800 A and nearly so at 8500 A, but directly proportional to it 
at 5660A. On the other hand, with isopropyl and l)utyl alcohols, the rates were 
proportional to the square root at 6800A and directly proportional to it at 5600 
and 8500A. In all cases the reaction is retarded by potassium bromide, and the 
rates are then proportional to the square roots of the intensities. 

The rate of addition of iodine to allyl alcohol in aqueous solution is not influ- 
enced by light, but with carbon tetrachloride as solvent there is a photochemical 
reaction similar to the photobromination.'*'^ 

Monochloropinacolone has been prepared by treating pinacolonc in carbon 
tetrachloride with chlorine in a quartz flask exposed to strong tiltraviolet light. 

« Muller. K. L.. and Schumachei , 11 J , Z. physik. Chem., B39, 352 (1938), B40, 318 (1938). 

Ghosh, J. C., Bhattacharya, S. K, and Bhattacharya, S. C., Z. physik. Chem, B32, 145 (19.36). 
For the bromination of dichloroacetylcne. Ghosh, f. C., Bhattacharya, S. K , and Murthi, M. I.. N., 
/. Indian Chem Soc., 14, 425 (1937); Brit. them. Ahs., AI, 627 (1937). 

Ghosh, J. (’., and Bhattacharya, S. K, Science and Culture, 3, 120 (1937); Chem. Ahs., 32, 
414 (1938). 

« Volmar, Bull. soc. chim., 27, 181 (1920); /. Chem. Soc., 118, (I), 661 (1920); Chem. Ahs., 14, 
3406 (1920). 

<®Buflrarski, S., Z. physik. Chem., 71, 705 (1910); Berthoud, A., and Bcrancck, J., /. chim. phys., 
25, 28 (1928). 

w Malaviya, K. N., and Dhar, N. R., Z. anorg. allgem. Chem., 199, 418 (1931); Chem. Ahs. 25 
5846 (1931). 

Bharwat, W. V., Malaviya, K. N., and Dhar, N. R., Z. anorg, allgem Chem., 199, 406 (1931); 
Chem. Ahs., 25, 5846 (1931). 

'J® Berthoud, A., and Mo8.set, M., /. chim. phys., 33, 272 (1936). 

' WHm. G. A., and Kropa, E. L., J. Am. Chem. Soc., 55, 2509 (1933). 
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It is a highly lachrymatory ketoneJ® Hill and Kropa also find that Colorless 
monobromopinacolone, when exposed for six hours to ultraviolet light, becomes 
yellow and then orange. Most of the material is unchanged but some dibromo- 
pinacolone can be obtained. 

Acids and Their Salts. In the manufacture of lethal gases in Germany 
during the war, Carr states, the preparation of diphosgene proved very trouble- 
some. Methyl formate was chlorinated in vessels furnished with chlorine pipes and 
carefully lined first with lead and then with two layers of tiles. The cement was 
said to consist of powdered fireclay, asbestos and sodium silicate. These pre- 
cautions were necessary because any metal introduced onto the mixture from the 
reaction vessel acts as an anticatalyst. The temperature had to be carefully con- 
trolled during the reaction to obtain the best results. As a source of light, which 
was necessary, an Osram lamp of 4000 c.p. was used. The reaction took from 
six to eight days for completion. 

In the process of chlorination of methyl chloroformate described by Kling, 
Florentin, Lassieur and Schmutz,'^^* methyl chloroformate is first prepared by the 
action of carbonyl chloride on methyl alcohol at as low a temperature as possible, 
a small amount of dimethyl carbonate being formed as a by-product. No matter 
whether the chlorination takes place in sunlight, arc light, or the light of an 
incandescent lamp, the monochlorocster is obtained almost free from the dichloro- 
compound which, having almost the same boiling point, is very difficult to remove. 
Further chlorination gives the dichloroester which is easily fractionated from the 
trichloroester which is also formed. Chlorination to the limit gives the latter. 
Methyl formate may also be used as the starting material, giving practically the 
same products. 

Grignard, Rivat and Urbain state that chlorination of methyl chloroformate 
in diffused light gives only the chloromethyl ester, and that bright sunlight is 
necessary for the formation of the di- or trichloromethyl ester. In ultraviolet rays, 
the trichloromethyl ester is easily obtained. The effect of temperature is such that 
up to 1I0-112^’C. the chlorination proceeds smoothly; from llvT114°C., it slackens 
very noticeably. At 117°C. decomposition begins to take place, with the forma- 
tion of carbonyl chloride. Catalysts, such as ferric chloride, antimony chloride, 
etc., are initially beneficial in the formation of dichloromethyl ester, but when a 
certain concentration has been reached, decomposition commences, and may con- 
tinue indefinitely, since some of the perchloride becomes dissolved in the liquid 
and continues its action. 

Formic acid itself is chlorinated with quantum yields of about 2000 when the 
3650A mercury lines are employed. These lines do not affect the acid but only 
the chlorine in the primary process. West and Rollefson find evidence for the 
production of an unstable intermediary product, chloroformic acid. If this is 
destroyed by heat or if there is an excess of chlorine, hydrochloric acid and carbon 
dioxide are the only products. There is no appreciable difference in reactivity 
between the single and double molecules of formic acid. For the former the 
reactions involved may be: 

’*Carr, F. H., /. 5of. Chem. Ind„ 38, 468R (1919). 

Kling, A., Florentin, D., I..a*»Rienr. A., and Schmut/, R., Compt rend., 169, 1046 (1919), Chem 
^bs., 14, 738 (1920). 

^Grignard, V., Rivat, G., and Url)ain, E., Compt rend., 169, 1074, 1143 (19 1 9); J. Chem. Sol„ 
118, 1138 (1920). 

H. L., and Rollcfson, G, K., J. Am. Chem. Soc., 58, 2140 (1936), 
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Cl, 4- hp > Cl + a 

Cl + HCOOH > COOIi + HCl 

COOH > CO. + H 

COOH + Cl. > CICOOH 4* Cl 

H 4- Cl. > HQ 4- Cl 

CICOOH > CO. 4- HCl 

Cl 4- Cl 4- M > CU 4- M 

A similar mechanism can be given for the reaction with the double molecules. 

In the chlorination of acetic acid in a quartz flask under the influence of rays 
from an iron arc, Custis found that the yield of monochloracetic acid is improved 
by the use of red phosphorus as a catalyst. No reaction was observed when the 
light from an ordinary projection lantern replaced the iron arc. No results were 
obtained by passing the chlorine gas through a quartz tube irradiated with ultra- 
violet light before passing it into a non-irradiated flask containing glacial acetic 
acid. 

Benrath and Hertel found that acetyl chloride and isobutyric acid behave simi- 
larly to acetic acid. With propionic acid and with ethyl malonate, the reaction 
commenced slowly and then continued at a rate proportional to the time until one 
atom of hydrogen had been replaced. The second atom then reacted at a much 
slower rate and in accordance with the logarithmic law. Two atoms of hydrogen 
were replaced in n-butyric acid, both at logarithmic rates, the steps of the reaction 
being markedly distinct. The chlorination of ethvl ether proceeded linearly during 
the displacement of one atom and then, after slowing up, the second atom was 
replaced at a logarithmic rate. The induction period was long in the case of acetic 
anhydride and the reaction was in two phases, but the rates were neither linear 
nor logarithmic. Some of the results indicated a tendency toward periodicity^^ 

In the phot obrom illation of lactic acid, Ghosh and Basu found it impossible 
to get regular values for a monomolecular rate constant. It appeared that the 
quantum yield was low, about 0.25, but the measurements were not considered very 
accurate since about two-thirds of the transformation appeared to be due to the 
thermal reaction. Much more regular results were obtained in the case of calcium 
lactate, but even in this case the dark reaction accounted for about 75 per cent of 
the observed velocity. Increasing the concentration of the salt increased the 
velocity constant, hut increasing* the bromine concentration made the constants 
irregular, the reaction tending to degenerate into one of zero order. When the 
concentration of the salt is small (0.i)3N), the quantum yield is about 0.5, but this 
becomes unity when the concentration is increased to 0.06A.®^ 

Purkayastha finds that in the bromination of organic acids, there is an 
induction period which vanishes in the presence of potassium bromide. The 
quantum yields, higher than those of other observers, possibly because of elimina- 
tion of oxygen, are for light of 4700A, 15 (lactic acid), 13 (phenyl-lactic acid), 
13 (mandelic acid) and 3 (citric acid). The induction period is ascribed to the 
formation of complexes between bromine and the reacting acid. The velocity con- 

Custis, n. n , J Frank Inst, 184, 874 (1917), see also Benrath, A., ami Tleitel. E., Z. unss. 
Phot., 23. 30 (1924) 

See, however, Plotnikow, J.. Z. wtss. Phot,, 2379 (1924). 

Ghosh, T. C. and Basu, K., Quart. J. Indian Chem. Sue., 2. 39 (1925); Chem. , 20, 43 
(1926). 

Fui temper atuu* coefficMents in various solvents, see Yajntk, N. A., and Uppal, H. L., J. Indian 
Ch^m, Soc., i, 729 (1929); Chem Ahs„ 24, 1035 (1930). 

Purkayastha, R M , 7. Indian Chem. Soc , 8, 361, 375. 385 (1929); 7, 991 (1930); Chem, Ahs., 
2^ 5420 (1929); 24, 784 (1930); 25, 2922 (1931). 
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stants vary inversely with the square root of the incident intensity of the blue 
light. At 5420, 4880, 4480, 4080 or 3650A, the order is zero molecular. 

In the case of the bromination of tartaric acid in aqueous solution, the Indian 
workers found an induction period of two days. The unimolecular rate con- 
stant decreased as the initial concentration of bromine was Increased, and increased 
with that of tartaric acid, the more so when part of the acid was replaced by the 
acid salt. It diminished when hydrobromic acid was added before exposure, 
decreased with time and increased rapidly with increase in frequency of light 
employed. It varied approximately as the square root of the light intensity. The 
quantum yield was high, bromine atoms being involved in the mechanism. These 
reacted with oxygen (present in solution or liberated by the photochemical reaction 
of bromine molecules with 'water) at a rate directly proportional to the oxygen 
concentration and to the square of the bromine atom concentration. Photoinhibi- 
tors were also destroyed by reacting with bromine atoms. The temperature 
coefficient of the velocity is high, 4.6 per 10® C. 

Prik chlorinated impure methyl stearate in diffused light without a catalyst 
until it contained 2.5 atoms of chlorine per molecule. When heated to 100®C. 
with zinc dust, this product split off 12 per cent of its chlorine. 

The reactions of bromine and of iodine with oxalic acid have been discussed 
in Chapter 22. In the case of the chlorination by wave-lengths 4650, 5650, and 
7304 A, Bhattacharya and Dhar find the temperattire coefficients to be 2.3, 2.4 
and 2.5. The (pjantiim yields are 8.6. 7.2 and 4.9, there being little difference in 
the reaction as conducted by absorption in the band or continuous spectral regions. 
In a later reinvestigation of this reaction, they, with Mukerji,^*^ concluded that in 
the absence of potassium iodide the thermal and the photochemical reactions are 
uni- and semi -molecular, respectively. The reaction rate is not a constant func- 
tion of the light intensity. Stirring increases the rate and reduces the temperature 
coefficient, which is the smaller the greater the acceleration due to light. 

The addition of bromine to maleic and fumarir acids is not influenced by light, 
according to Berthoud and Mosset.®*^ 

When bromine was added to /i^-pbenylpropiolic acid in cold chloroform and 
the reaction allowed to go to completion at room temperature in light, the cis~trans 
ratio in the products was about two to one. In darkness at zero, it was three to 
two. With the methyl ester, the ratios were one to three and one to two, respec- 
tively.®® 

In preparing a-bromo-^-methoxybutyric acids. West and Carter brominate in 
sunlight an addition product of crotonic acid and mercuric acetate.®® 

Cyclic Compounds. Mono- and di-brom-phenylcyclopropane-l,2-dicarbox- 
ylic acids were prepared by Hacrdi and Thorpe by using the rays of a power- 
ful arc lamp. Nicolet and .Sattler found that bromine reacts easily with ethyl- 

** Ghosh, 7 G., and Mukhffjer, J^, Quart J. Indian Chrm, Soc., 2, 165 (1Q25); Chetn. Abs., 20, 

870 (1926)rGhosh, J. C, and Basti, K., /. Indmn Ckcm. Soc., 5, 343, 361 (1928); Chem. Abs., 22, 

4379 (1928). 

«*Prik. E. M, PlasUchcskie Massm, 6, 26 (1934), Chem. Abs., 29, 4734 (1935); see also Scheib- 
ler, H., and Schmidt, H. J , Ber , 69B. 12 (1936), 

Bhattacharya, A. K, and Dhar, N. R., I. chim. phys., 26, 556 (1929). 

■'^Bhattacharya, A. K., Ohat, N R,, and Mnkerjj, B. K., J. Indian Chem. Soc., 12, 151 (1935); 

Brit. Chem. Abs., 1935A, 832. 

Berthoud, A., and Mosset, M , I. chim phys , 33, 272 (1936) 
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®®Haerdi. W., and Thorpe, J. F., .7. Chem. Soc., 127, 123 7 (192 5). 

Nicolet. B. H., and .Sattler, L., J. Am. Chem. Soc.. 49, 2069 (1927). 
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cyclopropane- l,l“<iicarboxy late even in diffused light The nature of the product 
depended on the conditions of bromination. Apparently both ethyl 2-bromocyclo- 
propane-l,l-dicarboxylate and ^-bromoethylbromomalonate were formed in all 
cases, but the proportion of the latter was much higher when the bromination was 
carried out at higher temperatures and under mercury-arc illumination. The 
former is apparently the primary product from which the latter is produced by 
subsequent reaction of the hydrobromic acid liberated. Bromination of cyclo- 
propane- 1,1 -dicarboxylic acid in carbon tetrachloride in ultraviolet light affords 
bromo-)&-bromoethyImalonic acid. In chloroform, the product is a viscous oil, 
which loses carbon dioxide upon distillation with the formation of 2-bromocyclo- 
propane-carboxylic acid. Bromination of ethyl l-cyanocyclopropane-l-carboxylate 
affords ethyl 2-bromo-l-cyancyclopropane-l-carboxylate and ethyl a,y-dibromo-a- 
cyanobutyrate. Bromine is without action in ultraviolet light on cyanocyclopropane 
and 1 -cyanocyclopropane- 1 -carboxylic acid. 

The photobromination of cyclohexane by rays of wave-length 5460A at 30 °C. 
has been investigated by Wood and Rideal.®^ Both the thermal and the photo- 
chemical reactions conform to the unimolecular law and the latter has no temper- 
ature coefficient. The velocity of the reaction is proportional to the light intensity, 
independent of the cyclohexane concentration and reduced by the presence of oxygen, 
the inhibition by the latter being independent of the pressure of the cyclohexane. 
Jost^^ found the characteristics of the reaction to be the same in both the regions 
of continuous and discontinuous absorption by the halogen. The reaction constant 
varied approximately with the square root of the cyclohexane concentration. The 
temperature coefficient was two and the quantum yields increased with rising 
temperatures. 

In carbon tetrachloride, the chlorination of this compound under the influence 
of either white or monochromatic light, is unimolecular with respect to chlorine. 
The velocity coefficient is directly proportional to the intensity of the incident 
radiation, independent of the concentration of chlorine and increases slightly with 
the concentration of the cyclohexane.®^ The coefficient diminishes a little as the 
reaction proceeds, apparently because of the retarding influence of the chlorcyclo- 
hexane formed. The quantum efficiency is 19 at 4360A, 30 at 4040A and 41 at 
3660A. The temperature coefficients for these wave-lengths are 1.5, 1.20 and 1.26, 
respectively. 

Aromatic Compounds 

The influence of light in facilitating the chlorination of toluene in the side- 
chain has long been known and employed in practice. Before discussing this 
reaction and its application, attention will be devoted to the halogenation reactions 
of benzene. 

Luther and Goldberg found the frequently irregular course of the photo- 
chlorination of benzene to be due to the retarding effect of small quantities of 
oxygen, an effect frequently noted in chlorination reactions in general. The rate 
of the reaction with liquid benzene is proportional to the square of the pressure of 
the chlorine employed. The final product seems to be largely benzene hexa- 
chloride.®® 

On the other hand, in the vapor phase the reaction proceeds by a short-ch^in 

wWood, B. J., and Rideal, E. K.. /. Chem. Soc., 2466 ( 1927 ). 

•“Jost, W., Z. physik, Chem., Bodenstein Festschrift, 291 (1931). 

Basu, K. P., /. Indian Chem. Soc., 6 , 691 (1929) ; Chem. Abs., 24 , 1033 (1930). 

Luther, R., and Goldberg, E., Z. physik. Chem., 56, 43 (1906); J. Chem. Soc., 90 , (II), 641 (1906). 
‘ oosiator. A., Z. physik. Chem., 45, 540 (1903). 
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mechanism.®'^ It was found that the main initial reaction is one of addition but 
that some substitution also occurs. At the beginning, the rate of change of 
pressure is proportional to the square root of the light intensity and to the pressure 
of the chlorine and that of the benzene. No pressure change is observed iniless 
phenyl chloride forms and condenses on the wall. After this there is a liquid 
reaction which consists in large part in the addition of chlorine to benzene dis- 
solved in the liquefied phenyl chloride. 

In the gas phase photochlorination of chlorobenzene, which also proceeds by 
short chains, the initial rate of reaction of the chlorine is proportional to a power 
of the light intensity between 0.5 and 1.0. The rate is also about proportional 
to the product of the chlorine and chlorobenzene concentrations and is increased 
by surfaces. The ratio of substitution to addition increases from much less than 
one to more than one as the ratio of chlorine used to the initial pressure of chloro- 
benzene increases. The rate of addition of chlorine to />-dichlorobenzcne is 
slightly less than that to chlorobenzene. Some intermediate substances have been 
isolated; the final product is dodecachlorocyclohexane. 

There is little difference in the rates of photochemical chlorination of the three 
dichlorobenzenes.®^ The rate is proportional to the light intensity at low intensi- 
ties but at higher ones depends on some power between 0.5 and 1.0. It is inde- 
pendent of the chlorine pressure except as this affects the light absorption, but is 
proportional to the pressure of dichlorol)enzene. 

The rate of addition of liquid chlorine to three trichlorobenzenes in sunlight 
at room temperature has been found by van der Linden to decrease in the order 
of the 1,2,3-, 1,2,4- and 1,3,5- compounds, requiring 7 days, 10 days and 9 weeks, 
respectively. The first gives only one isomer of l,r,2,2',3,3',4,5,6-nonachlorocyclo- 
hexane, of musty caniphor-like odor, m.p. 80*^ C. The second gives a series of 
mixed crystals of two isomers of CeHsClg and l,2,2',3,4,4',5,6-octachloro-6-cyclo- 
hexene, obtained by the loss of hydrogen chloride from a third unstable isomer. 
The 1,3,5-trichlorobenzene yields one isomer of 1,1',2,3,3',4,5,5',6-nonachlorocyclo- 
hoxane. Addition is assumed to occur most readily at double linkings unsubstituted 
in both Kekule forms. Van der Linden also reports on the addition of chlorine 
to penta- and hexachlorobenzene. The former yielded hexachlorobenzene and a 
mixture of l,2,3,3',4,4',5,6,6'-cw«cachloro-l-cyclohexene and its stereoisomer. The 
hexachlorobenzene gave dodecachlorocyclohexane and a small quantity of deca- 
chl or ocy clohexene . 

The ^-isomer of hexachlorobenzene after 17 days in sunlight, formed principally 
;9-/>“dichlorobenzene hexachloride and probably the 1,2, 4- tri chlorine derivative.^^^ 
Hexabromodihydiobenzene and liquid chlorine, exposed to sunlight for 40 days 
in a sealed tube, gave dodecachlorohexanc, C(;H 2 C 32 > nielting 108-1 10° 

The liquid phase photobroniination of benzene in carbon tetrachloride by low 
concentrations of bromine (1 to 2 mg. per cc.) has been studied by Meidinger.^®^ 
The bromine can either be directly substituted in the ring with the formation of 
monobromobenzene, or the double bonds may be broken with the formation of 

»^Lane, C. E., Jr., and Noyes, W. A,, Jr., /. Am. Chem. Sor., 54, 161 (1932); Smith, H. P, 
Noyc*;, W. A, Jr., and Hart, E. J., Jbid.j 55, 4444 (1933); Hait, E J, and Noyes, W. A., Jr., Ih^d , 
56. 1305 (1934). 

»»Fisk, C F„ and Noyes, W. A., Jr., /, Am. Chem. Soc., 58, 1707 (1936). 
van der Linden, T., Rec. trazf. chtm., 55, 3 1 5 (1936); Chem. Abs , 30, 6345 (1936). 
der Linden. T., Rec. ttav. chim., 55, 569 (1936); Chem. Abs., 30, 7103 (1936). 

>»’van der Linden. T., Rec. irav. chim., 57, 217 (1938); Chem. Abs., 32, 4542 (1938). 

^«2van der Linden, T., Ibid., 57, 401 (1938); Chem. Abs., 32, 5775 (1938). 

Meidtn^r, W.. Z. physik, Chem., SB, 29 (1929); Z. Elehtrochem., 35, 738 (199). 
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benzene hexabromicie. The reaction is independent of the bromine concentration 
and of the wave-length of light used. Meidinger was unable to explain his obser- 
vation that the temperature coefficient decreased from 1.6 to 1.0 as the concentra- 
tion of benzene employed decreased 

Rabinowitsch also found the temperature coefficient 1.6; it varied but little 
with the light intensity or the wave-length between 3000 and 5500A, There was, 
however, a fall with wave-lengths approaching the convergence limit of bromine 
and an increase with increasing concentrations of the latter. The quantum yield 
at Tooiii temperature was 0.4 to 0.9. This author believed that even when the 
solution was considerably diluted with solvent, the bromine molecules remained 
attached to the benzene molecules and on light absorption reacted with them. 
The compound CeHcBiQ may be formed chiefly by the reaction of activated bto^ 
mine molecules, but the phenyl bromide results from a reaction with bromine 
atoms : 

CMb + Br > QHs -f HBr 

QHb 4- Bra > GHsBr 4- Br. 

The first of these requires thermal activation and accounts for the high tempera- 
ture coefficient of the photochemical reaction and the lessening of the coefficient 
on dilution. 

In a sealed tube exposed to light, phenyl fluoride and liquid chlorine react 
vigorously, yielding in a day a few crystals^ possibly l-fluoro-l,2,3,4,4',.‘5,6-hepta- 
chlorocyclohexane and an oil which on steam distillation yielded a volatile oil, 
CoHgFClfi, and a non-volatile residue, probably a mixture of isomers of this com- 
position. Under similar conditions, phenyl bromide liberated bromine and hydro- 
gen chloride and formed a chlorobromobenzene hexachloride. Phenyl iodide 
reacted much more slowly; among the pnjducts isolated after several weeks were 
C^IOrj, and probably 2,4,5-trichloroiotIoI)enzene. 

Toluene. According to Book and Eggert,^^^^* toluene, chlorinated by a stream of 
chlorine at 105 to llO^C., yields almost exclusively benzyl chloride, irrespective of 
whethej- the reaction is carried out in light or in darkness, provided a chlorine 
‘'carrier/^ e.g., ferric chloride, is not present. In the presence of such a “carrier,” 
however, considerable amounts of o- and /?-chlorotoluene are produced. At —SO^C. 
a photochemical reaction occurs in the absence of a carrier as a result of absorption 
of the orange and light green mercury lines, witli a (luantum yield of about 25. The 
initial reaction probably comprises the foi'mation of hydrogen chloride together 
with chlorotoluene or benzyl chloride. 

The influence of light on the chlorination of toluene has been the subject of 
several early patents. 

In the laboratory of the senior author, a number of experiments have been made 
to compare the production of benzyl chloride, benzal chloride and benzotrichloride 
under various conditions. The best results were obtained by passing an excess of 
toluene vapor mixed with chlorine through a transparent quartz tube at variously 
elevated temperatures and exposed to ultraviolet radiations. The product was with- 
drawn from the reaction tube and the contents collected and fractionated ; the unused 
toluene was returned through the reaction tube. In order to determine the effect 

Rabinowitsch, E, Z. physik. Chem , 19B 190 (19.t). 

van der Linden, T., Rec. trav. chim,^ 55, 282 (1936); Chem. Abs., 30, 5192 (1936). 

Book, G., and Effgert, J, Z, Blektiochem., 29, 521 (1923): Ber., 59B, 1192 (1926); Chem. Abs, 
18, 668 (1924); See also Bergel, F.. Ber., 59B, 153 (1926); Chem Abs, 20, 1602 (1926) 

See, e.cf., Ransford, R, B., British P. 16,317, July 8, 1914; /. Soc. Chetn. Tnd., 1203 (1915). 
. i*** ElHs, Carleton, \T. S. P. 1,202.040, Oct. 24, 1916; for a special form of chlorination chambei, 
ttllis, Carleton. U, S. P. 1,146,142, July 1.3, 1915. 
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of ultraviolet rays on this reaction the source of the rays was removed and the 
experiment carried out in a similar manner. The results of one test are given in 
Table 22. 


Table 22.— -Products from Chlorination of Toluene. 



Onart* Tube without 

Quartz Tube with 


Ultraviolet 

Ultraviolet 

Fraction 

^ per cent- 


Up to ISOX. 

72 

42 

150-170"C 

4.2 

2. 

170-185"C. 

18.5 

47.5 

185-215X. 

3.8 

6,5 


A process for the ntanufacture of side-chain chlorinated toluene advocated by 
Gibbs and Geiger, called for ultraviolet radiation. It was claimed that when 
toluene in vapor phase is mixed with chlorine gas in the definite theoretical pro- 
portions to produce chlorinated side-chain products and the mixture exposed to 
ultraviolet rays, the bodies desired are produced in greatly increased yields and 
without the production of interfering by-products. By carefully regulating the 
speed at which the reacting substances pass continuously through the reaction 
chamber, a high degree of purity results. They state that it is advisable to work 
without a catalyst since it is not essential to the reaction and would tend to con- 
taminate the products. According to this process, benzyl chloride, benzal chloride 
and benzotrichloride may be produced in accordance with the proportion of chlorine 
employed. Gibbs states that when a low-pressure mercury-vapor lamp is used, 
a mixture of benzyl chloride and benzal chloride is produced and that a high- 
pressure mercury-vapor lamp gives benzotrichloride. Conklin has patented 
sectional glass reaction towers for the chlorination of benzene or toluene under the 
influence of actinic rays. However, the use of ultraviolet rays is not essential. 

In experiments on the phot ohromi nation of toluene, made in atmospheres of 
% per cent and 4 per cent nitrogen, LeBlanc and Andrich found the yield of 
benzyl bromide independent of the intensity of light and constant throughout 
the entire portion of the spectrum investigated. The speed of the reaction 
decreased with decrease of wave-length and w^as practically zero for wave-lengths 
shorter than 3000A. Swensson^^*^ reports that the rate of absorption of 1>romine 
by toluene and xylene in the presence of alcohol and when exposed to the rays of 
a quartz mercury arc at 20° C. is retarded, owing to the ability of alcohol to 
remove the hydrogen bromide, which catalyses the reaction, at the same time 
being itself decomposed. Kharasch, White and Mayo^’^ believe that in light the 
yield of the side-chain hromination reaction is lowered when oxygen is partly 
excluded. They consider it a chain reaction carried by bromine atoms, the source 
of which may be hydrogen brt)mide when oxygen or oxygen carriers are present. 

Natelson obtained an 85-per cent yield of C(;H 5 CHC 1 CH 3 based on the 


’«»Gihbs, H. 1)., and Geiger, G. A., U. S. V. 1,246,739, Nov. 13, 1917; Canadian P. 186,466, Sept. 
10. 1918. 

»«Selden Co. and Gibbs, H D., British P. 123,341, Oct 22, 1927; Chrm. Ahs , 13, 1478 (1919); 
J. Sor, Chem. Ind . 38. 268A (1919). 

Conklin. E. P., U S. P. 1,828 859, Oct, 27, 1931, to Solvay Process Co,, Chem. Ahs., 26, 
632 (1932). 

i^Silberrad, O., and Boake, A., [British P. 259,329, July 22, 1925; Chem. Ahs., 21, 3370 (1927)] 

chlorinated organic compounds with sulfury! chloride in the presence of catalysts such as chlorides of 

phosphorus, manganese, arsenic, selenium, antimony, bi«*muth, molybdenum, and the chlorides of iron, 
sulfur and aluminum. Actinic light may be used. 

LeBlanc, M., and Andnch, K.. Z. Elektrochem, 20. 543 (1914) 

^*Swensson, T., Z. wiss. Phot., 20, 206 (1921), /. Chem. Soc., 120, il, 291 (1921). 

Kharasch, M. S., White, P. C., and Mayo. F. R., J. Org. Chem.. 3, 33 (1938). 

Natelson, S., Ind. Eng. Chem., 25, 1391 (1933). 
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chlorine employed from ethylbenzene in the light of an S-l sun-lamp. Evans, 
Mabbott and Turner found chlorination of pure ethylbenzene in diffused day- 
light to yield a mixture of a- and /^-phenylethylchloridcs, increased illumination 
increasing the proportion of the former. In experiments of Varma, Sahay and 
Subramonium,^^® the addition of eight drops of nitrosulfonic acid and two cc. of 
bromine in ten cc. of acetic acid to ten cc. of ethylbenzene in bright sunlight 
yielded a small quantity of 4-bromoethylbenzene and four grams of a-bromoethyl- 
benzene. The former product was obtained in greater yield in the absence of 
light. Bromination of ten cc. of 4-chloroethylbenzene in bright sunlight produced 
seven cc, of 4«chloro-a-bromoethylbenzene. 

Intense visible light causes a rapid reaction between cyclopropane and bromine 
vapor. About two per cent of the bromine reacted appears as hydrogen bromide. 
The main product is BrCH 2 CH 2 CH 2 Br.^^*^ 

For the laboratory-scale preparation of w/-xylylchloride by the chlorination of 
w-xylene with the production of as little 4-chloro-l,3-diniethylbenzene as possible, 
King and Merriam developed a chlorinator made from a SOO-cc. distilling flask 
and a Pyrex tube connected to a reflux condenser. It was illuminated by a 400- 
watt nitrogen-filled lamp while 260 gms. of wi-xylene was boiled in the flask. 
Chlorine (126 gm.) was passed in at the rate of 40 gms. per hour through a 
O.S mm. tube directly into the current of vapor. 17 gms. of wz-xylene was found 
remaining in the hydrogen chloride absorbers and 305 gms. of product was in the 
flask. As a result of very careful fractionation, 68.79 gms. of ?w-xyleiie was 
recovered and 20.20 gms. of 4-chIoro-l,3-dimethylbenzene and 190.83 gms. of 
i»-xylyl chloride were obtained. In the presence of oxygen, chlorination was 
extremely slow. 

The influence of ultraviolet radiation, in the presence and absence of catalysts, 
on the reactivity of halogen bound to a carbon ring, has been investigated by 
Rosenmund, Luxat and Tiedemann.*-^ The comparative inertness of a halogen 
in an aromatic compound is overcome in the presence of copper at 180 to 220® C. 
At somewhat lower temperatures, the radiation from a quartz mercury-vapor lamp 
has a decidedly accelerating effect on the reaction 

CIGH 4 COOH -i- KOH > HOGH.COOH + KCl 

in the absence of copper and is still more active in its presence. At 104® C., the 
radiation is still an accelerating agent, but the copper is inactive. 

According to Olivier, when />-chlorobenzene sulfochloride in ethereal solution 
is exposed to direct sunlight or to the rays of a Uviol lamp, chlorine is liberated 
and oxidation takes place with the formation of the free sulfonic acid. When 
the experiment is carried out by passing dry oxygen through the ethereal solution 
of the sulfochloride while exposed to the rays of the lamp, the quantity of 
chlorine collected shows a deficit when compared with the equivalent of sulfonic 
acid formed; aldehyde and hydrochloric acid arc found in the aqueous liquid on 
treatment with water. It is probable, therefore, that some of the chlorine reacts 
with the ether to form chloroelhyl ether, which is subsequently hydrolyzed to 

Evans, E. B., Mabbott, E. E., and Turner, E. E., J, Ckem, Soc., 1159 (1927). 

Varma, P. S., Saliay, V., and Subramotiium, B. R., /. Indian Chem. Soc., 14, 157 (1937); Ckem. 
Abs., 31, 7411 (1937). 

R. A., Jr., and Priest, W. J., /. Am. Ckem. Soc., 60 , 217 (1938). 

King, H S., and Merriam, M. K, Proc. Nova Scotian Inst. Set., 18 , 276 (1933-4); Cham. Abs., 
29, 6214 (1935). 
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aldehyde. Under favorable conditions, the decomposition of the sulfochloride 
under the influence of light and oxygen amounts to over 40 per cent in six hours, 
and the reaction is practically inhibited in the absence of light or oxygen and a 
peroxide may play a part in the reaction. The presence or absence of moisture 
has no appreciable influence. The photochemical decomposition of the sulfo- 
chloride is considerable in ethereal solution but only slight in chloroform. In 
benzene and carbon tetrachloride, the reaction does not take place. Other sulfo- 
chlorides of the benzene series behave in a similar manner but to a lesser degree. 

Schmitz and Co.^^^ liave prepared esters of phenol homologs halogenated in the 
side-chain by treating the esters alone or in suitable solvents, such as carbon 
tetrachloride, with halogen in the presence of light, especially from a source rich 
in ultraviolet rays. 

Jenkins employs a 500- watt tungsten lamp in the conversion of ketones of 
the type R'.CH 2 COR and R.CH 2 COR' into oj-bi‘omo- derivatives such as 
R'CHBrCOR and RCHBrCOR'. Feist finds that />-acetyltoluene in the light 
of a mercury lamp at 100 to 110°C. adds six atoms of chlorine, forming /j-trichloro- 
acetyl trichloromethyl benzene. According to Connerade,^-^ the chlorination of 
dimethylbenzophenone first at 120^C. and then at 140° C., yields, besides products 
chlorinated in the ring, (Cl 2 CHCcH 4 ) 2 CO, a lujuid freezing to a crystalline paste 
at about 0°C. It is very sensitive to light, which transforms it into a plastic mass. 

According to 1. G. Farbenindustrie,**^^ 2,5-dimethyl-4-chlorol)enzophenone may 
be chlorinated by trichlorobenzene at 170-1 80° C. while being exposed to the action 
of a mercury- vapor lamp to give an (i)-hexachloro- derivative. 

Van der Linden has obtained, after chlorination of benzoic acid in sunlight, 
a y- and a /S-hexachloride, a pentachlorocyclohexene carboxylic acid and a mixture 
which, when distilled in steam, yielded the first two of these, the a-isomer, 1, 2,4,5* 
tetra-, penta- and hexachlorobenzene and pentachlororyclohexene carboxylic acid.^^® 
He found also that benzoyl chloride and chlorine in sunlight slowly gave a mix- 
ture of equal parts of 8-l,2,3,4,.S,6-hexachlor()cyclohcxane carboxyk hloride and 
^-l,2,3,4,5,6,4'-hcptaclilorocyclohexane carboxylchloride, a y-isomer of the 8-com- 
pound, an a-isomer of the /^-compound and an oil which, after treatment with dilute 
alkali and steam distillation yielded a little l,2,4,5,-tetrachlorben2ene, three isomeric 
hexachlorocyclohexenes, a mixture of Q-HuCOOH and HOC 6 H 4 CI(iCOOH or of 
HOCflH 5 Cl 5 COOH and CoH^CloCOOH, the acid of the 8-carboxylchloride and 
e-benzoic acid hexachloridc. 

Perkin and Stone find that when 2,4-dimethyl benzoyl chloride is broniinated 
at 160°C. by the aid of a mercury lamp, the brorno-acid bromide distilling at 
169-171 °C. at 15 mm., consists mainly of 2-bromoniethyl 4-methyl benzoylbromide, 
CH 3 CoH 3 (CHoBr)COBr, but the fraction ]60-180°C. at 15 mm., contains this 
substance and 4-bi‘omomethyi 2-methylbenzoyl bromide, CH 2 BrQH 3 CH 3 COBr, 
in the proportion of about 85 to 15 per cent. When 2,4-dimethylbenzoyl chloride 
is treated with a calculated amount of chlorine for the introduction of three atoms, 
at a temperature rising from 180 to 210° C. and in ultraviolet light, and the 
product is distilled, a fraction is obtained boiling 184-186°C. (16 mm.), the 

^ British P. 3053, Feb. 5, 1914, to Schmitz and Co. 

^Jenkins, S. S., /. Am. Chem. Soc., 56, 682 (1934). 
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dilorine content of which corresponds to that of the expected <jt>-trichloro-2,4- 
dimethyl benzoyl chloride. It was found, however, that this fraction was in 
reality an almost constant boiling niixtqre of di- and tetra-chlorinated dimethyl- 
benzoyl chloride. When the chlorination was continued in ultraviolet light until 
the increased weight corresponded to the introduction of four atoms of chlorine, 
and the product fractionated, 2,4”di(dichloromethyl) benzoyl chloride, boiling at 
192-193®C. (10 mm.) was obtained in good yield. An acid chloride fraction 
boiling 188-192°C. (14 mm.) was obtained when chlorine was passed into 2,4-di- 
methyl benzoyl chloride in the presence of ultraviolet light at 200 ^C. until the 
increase in weight corresponded to the absorption of five atoms of chlorine. The 
product contained about equal quantities of the isomeric chlorides, CCl^CoHa 
(CHCl 2 )COCl and CHCl 2 (CCl}{)COCL It was also possible to obtain the chlo- 
ride of 2,4-di(trichIoromethy]^) benzoic acid by chlorinating at 220® C. in ultraviolet 
light until six chlorine atoms were absorbed. The yield was 70 to 80 per cent. 

The bromination of salicyclic acid to the dibromo- derivative occurs slowly in 
carbon tetrachloride either in daylight or darkness, and more rapidly in methyl 
alcohol ; but exposure to daylight or to the light of a n)ercury- vapor lamp scarcely 
accelerates the reaction.^^^ 

Austin and Bousquet cause phthalide to react with a rapid flow of chlorine 
in ultraviolet light at 130- 140® C. with vigorous agitation, until approximately 0.75 
atom of chlorine per molecule is absorbed. The chlorination product, on hydrolysis 
with boiling water, followed by cooling, filtering and recrystallizing from benzene, 
yields phthaldehyclic acid. Similaxdy, a 5-nitro- acid may be formed from 5~nitro- 
phthalide. 

Matthews, Bliss and Elder have found that styrolene may be prepared from 
yS-bromohydrocinnamic acid by the action of steam, by a silent electric discharge 
or by ultraviolet rays. 

In the bromination of stilbene in carbon tetrachloride, the velocity coefficient 
is independent of the concentration of the bromine, but increases as the initial 
concentration of the stilbene increases. The temperature coefficient is 2.6. The 
quantum yield is 305 molecules of still>cne dibromide per absorbed quantum.^ 

In direct sunlight or artificial light (but not in darkness in the absence of 
peroxidic substances), a solution of isostilbenc in benzene is transformed by the 
action of hydrogen bromide into stilbene in about five minutes. The reaction is 
prevented by antioxidants. It cannot be effected by the use of hydrogen chloride.^ 

According to Ghosh and Basu,^*^^ the photobromiiialion of ethyl nt-nitrobenzyl- 
idene malonate to the dibromide in carbon tetrachloride solution is reversible. The 
equilibrium constant varies with the intensity of the light. A rise in temperature 
causes a slight increase in the concentration of the dibromide. The velocity of the 
direct action is not affected by the concentration of ester, bromine or dibromide. 
With Bhattacharya, these authors found an analogous behavior in carbon 
disulfide, but the values for the equilibrium constant were but one-seventh of those 

Kaufmanm, IT, P., and HanseU'Sehraidy, E., Archw Fharm,, 263, 32 (192 5). 
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in the former solvetit. The velocity of the initial stage was proportional to the 
concentration of bromine and increased considerably with increase in concentra- 
tion of the ester. 

The rate of the addition in chloroform, measured under conditions in which the 
back reaction is negligible, follows the same laws as the phot obrorai nation of 
cinnamic acid and stilbene.^^® 

Tetrachloroarsine, RASX4, was found by Hamilton and King to decompose 
into RX and AsXs under the influence of ultraviolet light at temperatures of 75 
to 120^C. At temperatures around 100®C. the orange-colored 4-methyl phenyl- 
tetrachloroarsine suddenly decomposed into /)-chlorotoluene and arsenic trichloride 
after having been exposed to the radiations for about two hours. With continued 
chlorination at tlie same temperature and in the presence of ultraviolet light, there 
was a rapid gain in weight, indicating that the />-chlorotoluene was being chlori- 
nated. Uwse may be made of the ability of ultraviolet light to break an arsenic-to- 
carbon linkage in determination of the structure of more complex arseiiiCals. It 
was found in the case of /)-toluene arsenic acid that chlorine substituted in the 
nucleus and not in the sidechain. In order to prove the position of the chlorine 
in the ring the arsenic acid was converted into the corresponding tetrachloroarsine, 
the arsenic-to-carbon linkage broken by the action of chlorine under the influence 
of ultraviolet light, and the dichlorotoluene thus formed was chlorinated and hydro- 
lyzed to yield 2,4-dichlorol)enzoic acid. 

Halogen AT iON of Other Types of Compounds 

Ultraviolet light has been suggested as an aid in the preparation of chlofo- 
naphthalene.^'*^’ According to Davies and Oxford, 4,1-nitromethyl naphthalene 
and bromine uhen exposed in a quartz flask to ultraviolet light give a yellow 
monobromo- derivative, melting at lvI7.5 to 138.5° C and a very small quantity 
of a totrabromo- derivative, melting at 180 to 190° C. The bro^iination of 
naphthalene is a imimolecular reaction having a temperature coefficient of 1.57 
per ten degrees between 5 and 30°C., according to Kozak and Pazdor.^^^ 
velocity for a given rate of absorption of energy is greatest in blue light. The 
velocity of photobromi nation of various methyl and ethyl derivatives of naphtha- 
lene has also a maximum in blue light, but with the bromine substitution reactions 
of these substances, and also of toluene, there is a secondary maximum in the 
yellow range, 

l,5-dibenzoyl-2, 6-dimethyl, 1,5-di (o-chlorobenzoyl) and l,5-di(2,5-dichlorben- 
zoyl )-2,6-dichloronaphthalene are chlorinated at from 160 to 200°C. with a finely 
divided stream of chlorine in the light of a mercury lamp to give the a)-hexa- 
chloro- derivative. The products are condensed by treatment with concentrated 
sulfuric acid.^"*^ 

Chlorination of 2-methyl-a-naphthoyl chloride at 150 to 170°C, under the 
influence of arc lamp irradiation, and hydrolysis of the resulting product with 
water and calcium carbonate forms /?-naphthylaldehyde-l -carboxylic acid.^^'* 

Berthoud, A., and Mosact, M., T. chxm phy^., 33, 272 (1936). 

Hamilton, C S„ and King, W. N., J Am. Ch^m. Soc., 55, 1689 (1933). 

Ellis, C., and McElroy, K. P., U. S. ‘P. 914,251, March 2, 1909; Chem. Ahs., 3, 1447 (1909). 

Davies, J. S. H, and Oxford, A. E., /. Chem. Soc., 220 (1931), 

Kozak. J., and Pazdor, F., Bull. Akad. Polonaue, A, 477, 489 (1933); Chem, Ahs., 28, 4114 (1934). 

British P. 427,327. April 23, 1935, to I. G Farbenind A-G.; Chem. Ahs, 29, 5866 (1935). 

Mayer, F.. Schafer, W., and Rosenbach, J., Arch. Pharm., 267, 571 (1929); Brit. Chem. Abs,, 
1928 A, 1294. 
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Tatum and Thomson prepare a-halogenated anthraquinones by halogenating 
in the sun, or other actinic light, anthraquinone or its halogenated derivatives 
capable of further of-halogenation, in the presence or absence of halogen carriers, 
solvents or diluents. Thus anthraquinone is chlorinated in oleum in the presence 
of iodine under the action of sunlight, l,4,S,8-tetrachIoroanthraquinone being 
obtained. This, treated with phthalimide, and hydrolyzed to the tetra-amino- 
derivative, yields dyes which turn blue. 

Phenanthrene can be brominated only by a light reaction.^’^® 

Ter penes, Cineole, in carbon tetrachloride solution, has been chlorinated in 
sunlight by Gandini,^**^ who obtained a mono- and a di-chloro- derivative. Although 
light is indispensable for the formation of the mono-chloro- derivative, the reaction 
is slower and the yields are lower in ultraviolet light. In later work,^^® there was 
obtained from 100 gms, of cineole, 15 gms. of a mixture of 2-chlorocineole and 
3-chlorocineole, 80 gms. of dichloroisomers, 25 gms. of a trichloro- derivative 
and 25 gms. of undistilled residue. A still higher percentage of chlorine led to 
more extensive chlorination and to products which could not be separated. Sepa- 
ration of the dichloroisomers yielded 2,3-dichlorocineole, an oil which slowly turns 
pale yellow on exposure to light. 

Passage of chlorine into cumene containing IS per cent acetic acid in .sunlight 
affords /^-chlorocumene and l,3-dichloro-2-phenylpropane, the relative yields depend- 
ing on the light intensity.^^® 

Pseudocumene can be brominated by mixing with bromine and exposing to 
sunlight for about three hours.^*'^® The products formed depend upon the nature 
of the subsequent heating. If the exposed mixture is heated on a water-bath only 
the monobromide is obtained, but if it is heated to 170®C., a mixture of mono-, 
di- and tribromides results; the relative proportions depend upon the amount of 
bromine used. A mixture of 5-bromopseudocumene and bromine exposed to sun- 
light for three hours and heated for three hours gave di- and tri-nuclear substi- 
tuted bromine derivatives in fairly good yields. In Bruylants^s method for the 
preparation of trimethylene chlorobromide, allyl chloride is saturated with hydro- 
bromic acid in sunlight. Strukov finds the yield 95-97 per cent. 

In direct sunlight in chloroform, camphane reacts immediately with chlorine 
with evolution of hydrogen chloride. The product yields bornyl chloride, which, 
treated in direct sunlight with chlorine in ice-cold carbon tetrachloride, yields a 
mixture of various halogenated derivatives difficult to separate Gandini was 
able to obtain 2,3-dichlorocamphane, melting at 126-1 26.5° C., a trichloro- deriva- 
tive, melting at 130-2°C., and other unidentified compounds. 

Diphenosuccindan-9,I2-dione in carbon tetrachloride may be brominated in 
the light of an arc lamp to the lO-bronio- compound.^^® 

Light has no influence on the chlorination of lignin.^ On the other hand, 
chlorination of wool h .slower in diffused light than in direct light.^®® 

»«TatTi3n, W. W., and Thomson, R. F.. Biitisb P 3f)4,141, Sept. 2, 1930; Chpm. Abs., 27, 1640 (1933). 

««Kharasch, M. S., White, P. C, and Mayo, F. R., /. Org. Chetn,, 2, 574 (1938). 

MTGandiam, A., Gaze. chim. ital,, 63, 151 (1933); Chem. Abs,, 27, 3707 (1933). 

i*»Gaiidani, A., Gaaz. ckim, iiai., 64, 118 (1934); Chem, Abs., 28, 4723 (1934). 

uttVartnk, P. S., and Sn’nivasan, M. K., J. Indian Chem, Soc., 13, 189 (1936); Chem. Abs , 30, 
5949 (1936); see also Ovist, W., and Salo, A., Acta Acad. Aboensis^ Math. Phys., 8, 4 (1934); Chem. 
Abs, 29, 6884 (193 5). 

^Varma, P. S., and Sen-Gupta, D. N., J. Indian Chem. Soc., 11, 351 (1934), Chem. Abs., 28, 
6119 (1934). 
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«»> Brand, K., Gabel, W., Ott, H., Muller, K, and Fleischhauer, R., Ser., 69B, 2504 (1936). 

«*Sarkar, P. B., J. Indian Chem. Soc., 11, 777 (1934); Chem. Abs., 29, 2514 (1935). 

^ Utafca, S., Reports Imp. Jnd. Research Inst. Osaka, Japan, 15, 11 (1935); Chem. Abs., 29, 2751 
(1935). 
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Chapter 29 

Reactions of Fatty Acids. The Preservation of Foods 


In discussing* the effects of light on the production of rancidity in foods, atten- 
tion is first directed to the photochemistry of the fatty acids since these, when 
present as esters in fats and oils, are primarily responsible for the changes 
which occur. 

It has been reported that acids with carbon chains longer than both satu- 
rated and unsaturated, become ketonic on exposure to light, atmospheric oxygen 
favoring the reaction,^ The passage of air in the presence of tropical sunlight 
through solutioiivS of potassium stearate, palmitate or oleate, according to Palit 
and Dhar,^ is accompanied by oxidation, which increases with the intensity of the 
light. Zinc oxide is an effective photosensitizer. 

The rate of oxygen consumption by undecenic acid, decenic acid, oleic acid 
and olive oil in light is greatly increavsed by the addition of very dilute solutions 
of chlorophyll or cosin as sensitizers, the former being ten times as effective as the 
latter, liemin does not act as a sensitizer, at least for the oxidation of decenic 
and undecenic acids.** In the case of oleic acid, hydroxyoleic acid is formed. In 
general, there seemed to be no destruction of double bonds in these experiments. 

Taufel and Seuss ** found that the oxygen absorption, peroxide formation and 
epihydrinaldehyde formation in a highly purified sample of oleic acid was affected 
by light in the same manner as by the addition in darkness of such catalysts as 
ferrous, ferric or cupric chlorides. Custis ® found the hydrogenation of oleic acid 
to be unaffected by ultraviolet radiations from an iron arc. A copper-egg white 
complex also catalyzes the oxidation of unsaturated fatty acids; this effect may be 
increased five to ten times by irradiation of the complex.^ 

Linoleic acid takes up oxygen and forms peroxides by a photochemical chain 
reaction.'^ The rate of peroxide formation is independent of the oxygen concen- 
tration and temperature and proportional to the concentration of acid and to the 
square root of the light intensity. As steps in the mechanism the following 
reactions were suggested (A is linoleic acid and M solvent) : 


A hv 
A* + Os — 

AO/ -f A - 
AO/ + M - 
M* q- A > M + A^, 


» A* 

AO/ 

— > A^ + AO, 


M* + AOs 


* Schmallfu^iS, 11., Werner, H,, and Gehrke, A, Maraarine Ind,, 26, 3, 87 (1933); Brit. Chem. Abs. 
B, 416 (1935). 

“Palit, C, C., and Dhar, N R., /. Phys Chem., 32, I26:i^ (1928). 

•Meyer, K., J. Bwl. Chem., J03, 597 (1933). Certain porj^hyrins al*^) inhibit the autoxidation of a 
mixture of linoleic and linolemc acids in sodiuin cholate solutions at pH 7.12 The inhibitors may be 
destroyed by ultraviolet irradiation. Hiusberg, K.. and Ammon, R., Z. phystol. them., 246, 139 (1937). 

* Taufel, K., and Seuss, A,, pettchem. Umschan, 41, 107, 1.11 (1934), Chem. Abs., 29, 370 (1915). 
"Custis, H. H., J. Frank. Inst., 184, 880 (1917). 

"Kathcr, E., Arch, cxptl. Path. Pharmakol., 1S4, 645 (1917); Chem. Abs., 32, 8448 (1938). 
Ulorio, M., Mem. Coil. Eng. Kyoto Imp. Vniv., 8, No. 18 26 (1934) ; Ch^. Abs 28, 5318 0934); 
Horio, M*. and Monden, S.. /. Soc. Cheff^.^ Ind. Japan, 37, 4R8B 0914); 0915); 

liono, M., and Yamashita, S., J. Soc. Chem. Ind. Japan, 37, 392, 416 (1934); Chem. Abs., 28, 
7165 0934). 
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Light rays shorter than 4000 A are effective, ordinary sunlight having only a few 
suitable wave-lengths for oxidative action. 

These observers also found that in the absence of oxygen the light of a mer- 
cury arc caused a bleaching of mixtures of aqueous solutions of linoleic acid with 
alcoholic solutions of eosin, Victoria Violet or erythrosin (but not Victoria Blue, 
which is non-fluorescent) more rapid than in darkness. The dye is reduced and 
the acid oxidized. The bleaching of the dye was less rapid when oxygen was 
bubbled through the solutions. 

The rale of bromination of oleic, linoleic and linolenic acids is in inverse ratio 
to the number of double bonds they contain,® oleic acid acting the most and lino- 
lenic acid the least rapidly. Under the influence of ultraviolet light the bromina- 
tion of both the so-called “pure’^ acids and the mixed fatty acids proceeds further 
than in darkness. This was held to indicate the presence of unsaturated isomers 
not revealed by the usual analytical methods. 

As in the case of other unsaturated compounds, stereoisomeric transformations 
and polymerization reactions occur during irradiation. The former have been 
relatively little studied; the latter are discussed particularly in the following 
chapter. 

Irradiation of '‘iodostarin^’ (di-iodide of tariric acid) in chloroform by sunlight, 
mercury-vapor light or Osram light, cau.ses its dissociation into tariric acid and 
iodine.® 

CHa-(CH,)io-CI=CI-(CHs)XOOH CHa- (CID^o-CsC- (CH.).COOm-L 

At room temperatures, the change is reversible and follows the law of mass action, 
but at higher temperatures there are deviations from thi.s behavior. The equilibrium 
is independent of the strength of the light, but the rates of reaction are directly 
proportional to it Since it was found that this decomposition is caused by the 
rays absorbed by the iodine, the photolysis must be regarded as sensitized by 
iodine. 

Ultraviolet light promotes the formation of a diricinoleic acid hy the conden- 
sation of the hydroxyl group of one molecule of ricinoleic acid with the carboxyl 
group of another.^® 

Ledercr^^ investigated the effect of small concentrations of metals on the color 
of a two-to-onc mixture of stearic and oleic acids in darknc.ss, after eight hours in 
direct sunlight and after two hours of exposure at 40 cm. from an ultraviolet 
source. During neither of these exposures did manganese, aluminum, zinc or lead 
produce a color change. The pre.scncc of 0.04 per cent nickel led to a slight 
yellowing in sunlight but there was no color change after ultraviolet irradiation. 
Samples with 0.04 per cent copper exhibited distinct yellowing, and those con- 
taining iron showed considerable darkening, the effect l)eing more pronounced in 
sunlight than in ultraviolet light. Samples lacking metallic adulteration were 
scarcely affected. It was concluded that the discoloration of fats after manufac- 
ture is primarily dependent upon the presence of traces of iron and copper. 

Triglycerides are said to be hydrolyzed in the presence of water by the action 
of ultraviolet rays.^^ 

»Knaw, r. A., and Small, J. G., J. Am. (Them. Soc„ 49 . 2808 (1927). 

»Baur, E., Ilr/v. Chm. Acta, 18, 1149 (1935); Chem. Ahs., 30, 28 (19.16). 

i®ZIatarov, A, and Bieliav.ski, V., Ann. univ. Sofia, FacuJte phys.-math., 28, No 2, 21 (19s32); 
Chem. Abs., 28. 305 4 (19.34). 

J^l-etderer, E. L., Z. angew. Chem., 42, 1033 (1929); Seifensieder Ztg., 278 (1929); Chem. Abs.. 
X 741 (1930). 

13 Tern, R.. German P. 357.695; J. Soc. Chem. Ind., 41 , 945 A (1922). 



kBACTTONS OF FATTY ACIDS 


$55 


DuNowy^® has called attention to a sslight decrease in the surface tension oi 
dilute sodium okate solutions after three hours of exposure to light. Mahajan 
attributes it to a chemical change which is most marked when ultraviolet light is 
used. The effect is at a maximum in soap solutions of 6.25x10-'^ gm. per cc.^® 


Oils 

Absorption and Fluorescence. The absorption of oils depends upon that 
of the acids they contain. In the case of cod-liver and other fish oils the well- 
defined absorption bands are due to sites of unsaturation. The highly absorbing 
acids obtained from them by saponification are apparently not, however, straight- 
chain compounds with conjugated double bonds since their absorption may be 
increased by prolonging the time of the saponification,^® or by conducting it at 
elevated temperatures.^*^ During this process cyclization probably occurs with the 
formation of hydroaromatic polycyclic products. 

Considerable attention has been devoted to the absorption of fish-liver oils in 
connection with work on the distribution of vitamins A and D therein. (See 
Chapter 41.) 

Of the vegetable oils studied, linseed oil shows the greatest absorption, accord- 
ing to Harvey,^® who used an actinonietric method which did not permit determi- 
nation of the wave-length distribution of the absorption. Lewkowitsch measured 
the absorption of thin films of whale, herring, olive, teaseed and linseed oils. Both 
the animal and vegetable oils gave curves of the same type, absorption gradually 
increasing toward the shorter wave-lengths. The feeble absorption bands super- 
posed upon the more or less general absorption could not, however, be used for the 
purpose of determining individual oils in mixtures. Although Lewkowitsch found 
in some samples of olive oil indications of a band at 2750A, Lunde, Kringstad and 
Weedon showed that the value of the extinction coefficient at this wave-length 
characterizes various samples of this oil. In virgin olive oil it was 10 to 22, in 
refined pressed oil 35-55 and in refined extracted oil 54-90. Two unrefined extracted 
oils, however, gave values of 80 and 120.^*^ 

The ])lue fluorescence follows the same trend. Cortese*-^^ has shown that the 
examination of the fluorescence of various samples of olive oils cannot distinguish 
natural (yellow) from refined oil (blue in general), since the addition of chloro- 
phyll or carotene to refined oils imparts to them the fluorescence characteristic of 
expressed oils. It may be possible to remove this by animal charcoal. Fixed oils 
from damaged fruit behave like refined oils. Fixed oils from olives stored only 
two or three days also fluoresce blue-violet.^^ 


DuNoiiy, P. L-, Nature, 131, 689 (1933). 

Mahajan, L. D., Z, Physik, 98, 388 (1935). 

Acidity developed in a saturated mineral oil when exposed to sunhprht or ultraviolet light is 
believed by Woog, F, iCompt. rend,, 189, 977 (1929)1 to affect it^ spreading on solid surfaces. 

Dann, W. J., and Moore, T., Biochem. J., 27, 1166 (1933). 

Edisbury, J. R., Morton, R, A., and Lovern, J. A., Biocht^rn. J., 27, 1451 (193 3); 29, 899 (1935). 
Harvey, E. H., /. Am. Pharm. Assn., 19, 1173 (1930); 20, 643 (1931), 

Lewkowitsch, E., /. Soc. Chem. Ind., 46, 195T (1927). 

®«Lund^, G., Kringstad. H., and Weedon, H. W., Anaew, Chem., 46, 796 (1933); Kringstad, H., 
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Cortese, D., Industria chimka, 9, 1048 (1934); Ch(^ Abs.. 5 Walter, C.f OHi min- 
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Pluoresc€ttce colors excited by ultraviolet Hgfht have also been frequently sug‘- 
gested as aids in the identification of other fats and oils. Haitinger, Jorg and 
Reich recorded the fluorescence colors of a number of oils and fats for use in 
the detection of adulterants in butter, cacao butter, lard, olive oil, etc. Butter is 
said“® to give a golden yellow color, but margarine and synthetic fats appear 
grayish white. It is claimed that 20 per cent of foreign fat may easily be detected 
in this manner. Solid or molten lards generally give a slight bluish fluores- 
cence, but no definite conclusions may be drawn from its color as to the origin 
of the sample. Applied microscopically, the method may be used for distinguish- 
ing between shell and nib tissue in cocoa.^^ The brilliant white luminescence of 
cacao butter in the light of a quartz lamp is, according to Mauersberger,^® due to 
traces of aluminum and calcium soaps formed while in contact with fullers* earth 
during bleaching. It is not characteristic of extracted butter because any pressed 
butter similarly treated with fullers* earth would give it. 

Much attention has been devoted to the property possessed by seeds and oils 
of affecting a photographic plate as does light. Stutz, Nelson and Schmutz 
believed it due to the evolution of hydrogen peroxide. The effect is greatly 
increased by exposure of the oils to light. Since only the unsaturated acids iso- 
lated from the oil, and not the sriturated ones, are effective, the phenomenon 
appears to be associated with the drying of the oil. de Loureiro attributed the 
effect to the evolution of ozone. The vapor from the oil must be brought in con- 
tact with the photographic plate. Ried believed that the effect in various fats 
parallels their ability to form vitamin D on irradiation. This has been much dis- 
cussed, but at present is regarded as merely an incidental phenomenon. Irradiation 
does not affect the electrical conductivity of cod-liver oil.®® 

Photochemical Changes of Various Edible Oils. Wall®^ subiected cacao 
oil to the action of ultraviolet rays to destroy its objectionable taste and odor. 

The bleaching of palm oil by light may be sensitized by the addition of various 
dyestuffs added to aqueous emulsions of the oil. Baur and Fabbricotti estimated 
that the quantum yields when various dyes are employed is low, of the order of 
10 ®. Exposure of olive oil to ultraviolet radiation for an hour has been found 
to cause an increase of more than 5 per cent in the acidity.®® After exposure for 
about a week a comparatively rapid air-drying has been observed.®'^ During 
exposure to ultraviolet, radium or x-rays, the dielectric constant, acid number and 
iodine number are the constants of olive oil which undergo the greatest change.®® 

Sun rays bleach layers of olive oil from 1 mm. to 1000 mm. in thickness, 

** HaititiRcr, M., JorR, H, and Reich, V., Z. angew. Chem., 41, 815 (1928); Kanfmann, H P, 
Chem. Umschait Frttc, Ode, li'acksc, Harse, 34 (1929); Chem. Ahs., 23, 20.51 (1929); D^M-ibere, M., 
Mat grasses, 29, 246, 2 79 (1937). 

20Novacek. E., and Hold, J., Z, Fletsch. Milchhyg., 42, 47 (1932); Chem, Ahs„ 26, 2881 (1932). 

Braunsdorf. K., Z. Unters, Lehensm , 63, 407 (1932); Chem, Ahs., 27, 785 (1933). 
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but the thicker the layer the slower the action.®® For quick bleaching a maxi- 
mum contact of oil, air and sunlight is needed. With oil flowing slowly down 
low steps, bleaching occurs in half the time. The bleaching does not completely 
destroy the fluorescence observed on exposure of the oil to Wood's light. Thirty 
days of exposure produced but little change in most of the constants, contrary to 
the observations of others on the effects of ultraviolet. Thus, the acidity was 
unchanged, the iodine number increased from 81.9 to 82.8, the refractive index 
changed from 1.46588 to 1.46625 and the saponification number decreased from 
193.5 to 191.9, The density increased from 0.9170 to 0.9175. 

Putland^® observed a more rapid bleaching of vegetable oils in the light of 
Mazda lamps than in sunlight. Ultraviolet from a quartz mercury arc, however, 
darkened instead of bleaching both cottonseed and soybean oils. Crude cottonseed 
oil, one inch in depth, exposed in a tin tray at 27 to the mercury- vapor light, 
darkened from 35 yellow, 7.9 red (Lovibond scale) in eight hours to 35 yellow, 
8.3 red, A bleached cottonseed oil changed in ten hours from 20 yellow, 2.1 red 
to 20 yellow, 3.0 orange. 

In the laboratory of the senior author numerous experiments on the bleaching and 
polymerization of various oils by a Cooper-Hewitt quartz mercury arc have been made."^ 
Samples of crude cottonseed oil, linseed oil, crude whale oil (No. 3) and a strongly 
fluorescent medium-body lubricating oil were exposed in shallow pans in three- 
sixteenth indi layers at about eleven inches from the lamp. After three hours the Ikiseed 
oil had a very heavy film, the cottonseed and whale oils slight films but the lubricating 
oil was unaltered. After six hours flie cottonseed oil had greatly increased in viscosity, 
the linseed and whale oil had commeiiced to gelatinize and the lubricating oil had become 
slightly darker. After 13 J hours, the cottonseed oil had gelatinized and was slightly 
bleached. The linseed oil had become a stiff jelly and its odor was diminished, but the 
color was apparently unchanged. The whale oil was considerably deodorized and slightly 
bleached. The lubricating oil had liecome somewhat darker, but the fluorescence had 
completely disapjieared. 

With exposures closer to the lamp, the whale oil gave a dark, amber -colored jelly 
wdth a very faint odor as compared with that of the original oil. Crude cottonseed 
oil also gave a stiff amber-colored jelly, which was considerably lighter than the original 
oil. The iodine value had fallen to 56. A highly refined cottonseed oil, however, gave 
a jelly which in color and consistency could scarcely be distinguished from that of the 
crude oil. The temperature during irradiation was about llO'^C. The crude sample 
fumed slightly during the exposure to ultraviolet but the refined oil did not fume below 
]60®C. and then but slightly. Crude oil polymerizes and gelatinizes more rapidly than 
refined oil. Special experiments in sealed tubes showed that the thickening and 
polymerization occurs even in the absence of oxygen. In its presence, however, the 
solidification of unsalurated fatty oils appears to he due jointly to oxidation and 
polymerization. In one ex]>eriment made at a distance of but four inches from the 
source, a layer of cottonseed oil commenced to thicken immediately and at the end of 
fourteen minutes had completely solidified to a very thick jelly. A thicker layer (one 
and a half inches) at four inches from the lamp had become a solid, dark-colored 
jelly after hours. 

CavStor oil after KH hours at three inches gave a product identical in appearance and 
odor with that obtained from cottonseed oil. Red oil (crude oleic acid) fumed slightly 
at 85°C and copiously at llO^’C. A thin surface film appears to protect the under 
layer from further action until it is removed. When completely solidified it is hard with- 
out any tackiness, black and odorless. A highly refined corn oil gave in 14 hours at 
four inches a jelly of a very light yellow color, the change occurring very gradually. 
Immediately before the viscous mass commences to solidify, a large number of small 
hubbies usually appear below the surface and could be still observed even after the 
oil had become completely solid. In one case a mixture of equal parts of rosin and corn 
oil became extremely viscous and somewhat darkened after five hours. The carbonizing 

Lof*w, n., Olii ntiftf'rali, olH fff^assi, coJori 12, ^9 (1932); Chew. Abs., 2fi, 6168 (1932). 

««Put!and. A. W., Cotton Oil Press. 7, No. 7. 36 (1923). 

« Ellis. Ciirleton, V. S. P. 1.089.359, March 3, 1914. Note also 1.179.414 and 1,180,025. 
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or discoloring action when very close to rays was repeatedly noted. It may be partly 
due to a local superheating of the under layers of the oil. 

In one case ordinary cottonseed oil was mixed with 5 per cent of sulfur and exposed 
to the action of ultraviolet for three hours at 150*^0 It remained liquid after treatment. 
On the other hand, an oil which had been exposed until it was practically at the 
gelatinization point and then treated with the same amount of sulfur, on further exposure 
yielded a black, rubber-like solid. Stamberger stated that vulcanized triolein, which is 
soluble in acetone and benzene, after treatment with sunlight or ultraviolet light is 
converted into a solid mass of molecular weight over 7000, insoluble in these and other 
organic solvents and swelling in benzene. Applications to the making of artificial 
rubber latex for impregnating textiles and making varnishes have been suggested." 
Ellis also observed that an oil which had been hydrogenated to a titer of 54“C.» after 
an exposure of three hours to ultraviolet light remained unchanged in color, odor and 
viscosity. 

Early attempts to use ultraviolet light in aiding the reaction of catalysts in the 
hydrogenation of oils do not seem to have been successful.^ 

It has been suggested that the presence of unhydrogenated oils in hydrogenated 
products may be qualitatively detected by taking advantage of the fact that the 
former are darkened and polymerized by ultraviolet light while the latter are 
unaffected. An exposure of several hours is required.^^ 

Oxidation of Oils. Much attention has recently been devoted to studies 
of the oxidation of oils, particularly in regard to the light it throws upon the 
production of rancidity in foods on storage. Ultraviolet light has a powerful effect 
upon the susceptibility of cottonseed oil to oxidation.^® This change depends, 
according to Greenb<mk and Holm,^'^ upon reactions occurring prior to the period 
of active oxidation. 

During the absorption of small quantities of oxygen oxides and peroxides are 
believed to be formed; these are sometimes termed "‘moloxides’' of the unsaturated 
acids. They alter the oxidation- reduction potential in a manner which may be 
followed by the aid of methylene blue or other indicators. The reduction of this 
indicator when dissolved in an unsaturated oil is rapid in strong sunlight. By 
using a 100- watt Mazda lamp as a constant source, the rate of the change in the 
color of the indicator, followed photoclectrically, affords an indication of the 
susceptibility of the oil to undergo the changes which lead to rancidity. Horio"*® 
measured the rate of the reaction by determining the concentrations of peroxides 
formed during ultraviolet irradiation of oils while oxygen was bubl)led through 
them. With linseed oil and Hnoleic acid the rates were independent of the time 
of irradiation, proportional to the concentration of acid or oil, independent of 
temperature and oxygen concentration and proportional to the square root of the 
light intensity. With olive oil, the rate decreased with time to a constant value. 
The rate- intensity curve for this oil showed a maximum. Certain substances 
(vanillin, jara-jara, /’-nitraniline) accelerate the formation of peroxides in ultra- 
violet light but not in darkness in linseed Irradiation also accelerates the 

effects of manganese and lead abietates. 

Stamberger, P., JRec. trav. chitn., 46, 837 (1927); 47, 973 (1928)) Knight, B., and Stamberger, F, 
/. Chem. Soc., 2794 (1928), 

Stamberger, P., and Auer, L., British P. 321,693, 1928; Brtt. Chrm. Ahs. B, 652 (1930). 

** Walter, H., Scifensieder-Ztg., 442 (1913); cited by Ellis, C, "Hydrogenation of Organic Sub 
stances,” 3rd ed.. Van Nostrand, 1930; A mercury-sensitized process has been described by Kara- 
gunis, G, Praktika Akad. Athenon, 11, 404 (1936); Chem, Abs,, 32, 1580 (1938). 

Ellis, C., and Wells, A. A., Chem. Engineer, 221 (1918). 

♦’’Holm, G. E, Greenbank, G, R., and Deysher, E F., Ind, Eng. Chem, 19, 156 (1927). 

Greenbank, G. R., and Holm, G. E., Ind. Eng. Chem. Anal. Ed., 2, 9 (1930). 

^ Horio, M,, Mem. Coll. Eng Kyoto Imp. Univ., 8 , No. 1, 8 (1934); Chem. Abs. 28, 5339, 716'’ 
^(1934). 

Nakamura, M., /. Soc. Chem. Ind Japan, 40, 20SB, (1937); Chem. Abs.j, 31, 6910 (1937). 
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The velocities of formation of peroxides during irradiation of tung and castor 
oils are less than those in linseed and tsubaki oils. The peroxides of all these oils 
are stable at low temperatures in ultraviolet rays.*^® 

In the presence of inert gases, olive, peanut, sesame and colza oils were 
unaffected by ultraviolet light, but in the presence of oxygen there was an increase 
in density and a decrease in iodine number. The fluorescence changed from 
yellow to deep blue as the oils became decolorized.®^ 

Olive, linseed and especially cod-Hver oil gain in weight on exposure to air in 
the absence of light, possibly because of the absorption of oxygen. Preliminary 
irradiation of the oils by ultraviolet light for thirty hours enhances the rate during 
fifty days up to a limit beyond which it is decreased. In comparison with the 
others, cod-liver oil behaves as though it had already been irradiated. The forma- 
tion of a compound with peroxide oxygen (detected by the liberation of iodine 
from potassium iodide acidified with acetic acid) shows a relation to the time of 
irradiation similar to that of the increase in weight.®® Peroxides are formed in 
olive, mustard, cocoanut, Mahua, castor, sesame and linseed oils, butter and some 
carbohydrates when air is passed through them during exposure to sunlight. In 
the absence of air, peroxide formation is decreased. All the oil peroxides have 
the ability to oxidize slowly a solution of glucose at 40® C.®® Fats are believed to 
form ketones by Schmallfuss, Werner and Gehrke ®'* and saturated and unsaturated 
acids, glycerol, some esters, soap, beeswax, and cholesterol act similarly. The 
higher fatty acids are converted to lower acids, and glycerol yields volatile acids. 
When methyl laurate or glycerol were used, positive aldehyde tests could be 
obtained.®® 

Soybean oil is rapidly ketonized by light of wave-lengths under 4100A, several 
times as rapidly as methyl laurate which is appreciably affected only by rays 
shorter than 3300A.®® 

The prolonged action of ultraviolet light on lard destroys the material causing 
luminescence, raises the octoic acid value, and forms the substance responsible for 
the Kreis reaction of rancid fats.®*^ The increase in octoic acid value may be due 
to pelargonic and azelaic acids formed by oxidation and fission of oleic acid. The 
substance responsible for luminescence may be a derivativ^c of oleic acid, or of 
hydroxyoleic acid. 

Weak artificial light accelerates the oxidation of beef fat and exposure to direct 
sunlight for a few minutes suffices to produce rancidity.®® The reaction is auto- 
catalytic, even brief exposure to light accelerating the subsequent oxidation. In 
beef fat, bleaching of the Hpochrome occurs at a comparatively early stage of the 
oxidation process. At least during the early stages, oxidation in the presence of 


Nakamura. M., J. Sor. Chem ind Japan, 40, 229, 230 (19 3 7); Chem Al k., 31, 7682 (1937). 
Franccsconl, T.., and Pinoncelli, L., Ann. eftttn. appUcata, 24, 242 (1934); Chew. Abs., 28, 6006 
(1934). 

R2 Delore, P, BuH. soc. chint. hiol., 11, 74 (1929); Compt. rend, soc hial., 99, 807 (1928); Chm. 
Ahs., 23, 724 (1929). See also Zinov'ev, A. A, and Drucker, S V,, MastoboXno Zhirovoe Delo, 13, 
No. 2, 6 (1937); Chem. Abs, 31, 7682 (1937). 

Ckacraharti, S. N,, and Dhar, N. R., Indian J. Med. Research, 17, 430 (1929) ; Chem. Abs,, 34, 
2166 (1930). 

64 Schmallfuss, II., Werner, H., and Gehrke, A., Fettchem Umschan, 40, 102 (1933); Chem, Abs., 
27, 38 38 (1933). 

66 Schmallfuss, H., Werner, H., and Gehrke, A., Margarine^Jnd., ZT, 79 (1934); Brif. Chem. Abs. 

846 (1936); Lampitt. L, H., and Sylvester. N, D., Bu>chem. J, 30,2237 (1936); Chem. Abs., 31, 3311 
(1937). For a review, see Schmallfuss, H., Werner, H., and Gehrke, A., Fette u.-Setfen., 43, 211, 
243 (1936). 

66 Werner, H., Gehrke, A., and Minkowski, R., Margarine-Ind., 27, 93 (1934); Chem, Abs., 29, 7103 
fl93'>), 

Grossfcld, J., Z. Unters. Lebenw., 55, 3 76 (1928); Brit, Chem. Ahs, i928B, 824. 

“Lea, C. H., Proc, Roy. Soc., BIOS 175 (1931). 
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light has but little effect on the acidity of the fat There is a distinct parallelism 
between the intensity of the Kreis reaction (a pink color test with phloroglucinol 
and hydrochloric acid in a benzene solution) and the active oxygen content of the 
fat (detennined by the liberation of iodine from potassium iodide in acetic acid 
and chloroform). At low temperatures, however, the content of active oxygen 
increases more rapidly in a fat than does its ability to respond to the Kreis test. 
The reverse is true in bright sunlight. The different susceptibilities of various 
specimens of beef fat to oxidation depends on the chemical nature of the fat itself 
rather than upon other tissue constituents. 

Coe®® suggests that under the photosensitizing action of chlorophyll, atomic 
hydrogen is liberated. This combines with molecular oxygen to form a loosely 
bound hydrogen peroxide, which unites with the unsaturated bond of the glyceride 
and produces the rancid compound. , The presence of catalase, therefore, is related 
to its keeping qualities. Other photosensitizers are assumed to be present in 
animal fats. 

Coe and Leclerc observed that on keeping maize or cottonseed oils in dark- 
ness or in green light, high peroxide values may be attained without the usual 
indications of rancidity being observed. Similar samples exposed to full daylight 
became rancid in the same period. Those kept in the dark do so oti subsequent 
exposure to light. Lampitt and Sylvester found the Tssoglio test useful in 
measuring the initial changes which take place. It is said to give a quantitative 
measure of these changes before the stage of positive Kreis tests has been reached. 
The taste of rancid butter fat produced by irradiation of ether and petroleum ether 
solutions in the presence and absence of air may be the resultant of two different 
changes, one due to structural changes in the glycerol portion and the other in 
the constituent to which the fat owes its original ta.ste These changes may occur 
independently.®^ The distinction ])etween rancid and tallow-like odors and tastes 
has been denied by Horowitz -Vlasova, Kachanova and Tkachev,®® since both seem 
associated with the formation of various oxidation products such as hydroxy.stearic 
acid and tpihydrinaldehyde. Lipolysis does not occur. Exposure of milk to sun- 
light catalyzes the oxidation of the fat.®^ Light also increases the peroxide num- 
ber of butterfat.®® 

Effects of Colors of Protective Wrappers. Discrepancies are apparent in 
the reports on the effects of various colors on the deterioriation of oils. Green- 
bank and Holm,®® Lea ®'^ and Coe®® found green light to be least and orange light 
the most active. Blue light was thought to be somewhat more active than red 
light. Coe believed that oils protected by opaque or green wrappers showed no 
organoleptic rancidity after seven months, although they gave strong Kreis, 

«wCoe, M. R., Oil and Soap, 15, 230 (1938); Chem. Ahs,, 32, 8178 (1932). 

Coe, M. R., and Leclerc, J. A., Ind. Bng. Chem., 26, 245 (1934) 

Lampitt, L. H„ and Sylvester, N. D., Chim. et Industrie, Special No. 642 (March, 1931); Chem 
Ahs., 25, 3737 (1931). 

^ For a general discussion of the chcmistiy of rancidity, see Russell, E. E., Ca«. Chem. Met, 20, 
.346 (1931). 

** Horowita- Vlasova, L. M., Kachanova, E. E., and Tkachev, A D., Z. Uwtersuch. Lebensm., 69, 
409; Chem. Abs., 29, 7679 (1935). 

«*Barkworth. H., Dairy Inds , 3, 7 (1938); Chem. Abs., 32, 2230 (1938). 

* Ritter, W., and Nussbaumcr, T., Schtveia. Mifehsttg., 64, 59 (1938); Chem. Abs., 32, 7148 (1938). 

Greenhank, G. R., and Holm, G. E., iHd. Eng. Chem., 25, 167 (1933). 

<wLea, C. H, 7. i-oc. Chem. Ind., 52, 146T (1933). 

*»Coe, M. R., Siebel Tech. Rev., 9, No. 2. 51 (1934); Science, 75, 585 (1932); Ind. Eng. Chem., 26, 
245 (1935); Coe, M. R., and Leclerc. J. A., Cereal Chem., 9* 519 (1932); Chem. Abs., 26, 6030 (1932); 
Cereal Chem., 11, 241 (1934); Chem. Abs., 28, 4925 (1934); Oil and Soap. U, 189 (1934) ; Brtt. Chem. 
Abs., B, 1018 (1934); Oil and Soap, 12, 231 (1935); Chem. Abs., 29, 8371 (1935); Oil and Soap, U» 
197 (1936); Chem. Abs., 30, 6587; Oil and Soap, 14, 171 (1937); Chem. Abs., 31. 6494 (1937). 
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peroxide and von Fellenberg tests. Davies, however, believed^® that the preserva- 
tive effect of Cellophane wrappers depends more upon the depth of color than 
upon the actual color. Deep green, blue, red or dark brown were equally effective 
in preventing the autoxidation of the fat of biscuit meal in exposures of forty 
hours to sunlight. Light green and heliotrope wrappers allowed some oxidation 
to occur and lightly tinted papers were entirely ineffective. Thin vegetable parch- 
ment did not allow active rays to pass, greaseproof paper allowed some to penetrate 
and transparent paper had no retarding action. 

Morgan attacked the conclusions of Greenbank and Holm and of Coe, He 
finds in studies on potato chips that yellow or red light has little ability to cause 
rancidity, the deleterious action being due chiefly to blue and ultraviolet light. 
He did not rely, as others had done, upon oxygen uptake or the peroxide test, 
but determined the time of exposure required for rancidity to become evident to 
odor and taste. The ratio of this to the time required for the same effects to be 


^A/vc/O/ry fi¥^re;cr/OA, /PAtfo 

4 HO ^ 



FiOUKE 120. Rale of Rancidity Development in Potato Chips as Affected by Total 
Percentage Transmission of Light Wave-lengths 2900 to 4700A (Morgan, Indus- 
trial and Fngineerinq Chemistry). 

produced in the same lot of chips simultaneously exposed in uncolored transparent 
cellulose gave the rancidity-retarding value of the film. Roth daylight and a 
General Electric S-2 sunlamp were used as sources. Tt was believed that the 
rancid odor and taste are due to aldehydes of high molecular weight formed by the 
oxidation of unsaturated linkages Tests of several hundred colored transparent 
cellulose wrappers indicated that their utility in retarding rancidity depended upon 
their transmission of blue and ultraviolet light. (See Figure 120.) Very small 
amounts of ultraviolet light had an extremely disproportionate effect. The results 
of the earlier observers were ascribed to their failure to take into account the 
passage of small amounts of ultraviolet light through some of their wrappers. 
The visible color tells nothing regarding the effectiveness of a wrapper. Morgan 
developed a yellow transparent sheeting of cellulose, known as wSylphrap RR Old 
(jokpi (from Sylvania Corporation) of high visible transparency and complete 
ultraviolet opaqueness in the usual 0.001 -inch thickness. The only visible light cut 

Davids, W. L., / Soc. Chem. Jnd , 53. 148T 0934). 

^‘Morgan, W. T.., Tnd. Kng. Chem., 27, 1287 (1935), 

Morgan, W. T.., Modern Packaging, May, 41, November, 84 (1934). 
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off is blue and practically all articles and foodstuffs wrapped in it appear in 
approximately normal color shades of red, brown, yellow or green. It is also 
recommended for protecting flavors of fruit juices, wines, brandies, flavoring 
extracts and perfumes as well as such drugs as phenol, calomel, quinine sulfate, 
and chloramine-T. It also retards the yellowing of paper and the sunlight aging 
of rubber.^^ 

Wickmann employs a deposit of particles of metal of atomic dimensions on the 
surface of gelatin or cellulose sheets in a granular non-flaking and non-cracking 
layer, giving the appearance of a continuous, lustrous coating. 

As absorbing agents. Hunter proposes, for incorporation in cellulosic wrap- 
ping paper, diaminobenzophenone and its honiologs, derivatives of phenylhydrazine 
and aliphatic keto-acids, aminonaphthalenesulfonic or trisulfonic acids, />-hydroxy- 
azobenzene, diphenylaniinobenzene, resorcinolazobenzene or cresolbenzene. These 
absorb over the range 3200 to 4000A, and particularly 3500 to 3700A. Grant 
employs on regenerated cellulose wrappers a coating composition of pyroxylin 3, 
amyl acetate or other solvent 5-25, a colorless absorber of ultraviolet light, such as 
esculin, 0.5-5,0, monoethyl ether of ethylene glycol for blending 3-10, a low-boiling 
solvent, ethyl acetate or acetone, 11-30, castor oil or other plasticizer, 2-5 parts, 
and a diluent such as benzene, toluene or naphtha. 

In Germany, there is used for the protection of butter a parchment paper known 
as “Ultrament.'’ This excludes practically all rays between 3540 and 2000A. 
Schlemmer found one sample to show slight transmission at 2640A. It prevents 
tallowiness when used at but it cannot prevent that tallowiness which arises 

from the catalytic action of iron which may have been present in the wash water, 
a process in which light is not concerned. Jt does not affect bacterial growth on 
butter, so that rancidity may still develop from this cause. • 

Commercial parchment is opaque in the entire ultraviolet and infrared regions, 
acoordihg to Solechnik.^^ The transparency increases, however, after prolonged 
exposures to the weather, because of natural bleaching processes. 

Parchment paper may be treated with various pyrene compounds such as 
sodium 3,5,8,10-pyrene tetrasulfonate, sodium 3-benzoyl-aminopyrene-/?-disulfonale 
and the urea of sodium 4'-aminobenzoyl-3-aminopyrene di sulfonate.'^® In other 
filters, one part of 3,5-dimethoxypyrene is dissolved in 99 parts of nitrocellulose 
lacquer and the solvent evaporated to leave a colorless film insoluble in water. A 
film of cellulose hydrate may also be passed through a bath containing 1 per cent 


Morgan, W. L., U. S. P. 2,043,860, June 9. 1936; Chem. Abs., 30, 5442 (1936); British P. 453.438, 
.Sept. 8, 3936; Chem, Abs., 31, 1113 (1937). Dyes arc used incorporated in regeneiatcd cellulose sheets 
Wph, C., U. S. P. 2,038,114, April 21, 1936; Chem. Abs., 30^ 3913 (1936); British P. 410,170, 
May 10, 1934, Chem. Abs., 28, 6312 (1934) uses as the absorbing agent a nonglucosidic coumann 
derivative such as umbelliferone-acetic ac»d. Esculin, quinine, salol and anthracenes are also sug- 
gested All patents to Sylvanta Industrial Corp, 

'^Wickmann, P. A., U, S. P. 2,039,372, May S, 1936, to Sylvania Industrial Corp.; Chem. Ab^., 
30, 4232 (1936). 

Hunter, A. S., French P. 791,492. Dec. 11, 1935, to Soc. dea usincs chimiques Rhone-Poulenc ; 
Chem. Abs., 30, 4232 (1936); Hunter, A S , U. S. P. 2,062,179, Nov 24, 1936, to E. I. du Pont dc 
Nemours & Co.; Chem. Abs., 31, 789 (1937); Hunter. A. S., U, S. P. 2,129,131-2, Sept. 6, 1938, to 
E, L du Pont de Nemours Sr Co,; Chem. Ahs., 32, 8618 (1938). 

TO Grant, D. H., U. S. P. 2,058,786, to Stanco, Inc.; Chem. Abs., 31, 187 (1937). 

TO Schlemmer, F., P. Molkerei-Ztg., 56, 185 (1935); Chem Abs., 29, 2611 (J935); for a detailed 
disciission of factors affeclmg the deterioration of butter, see Jensen, J., and Ritter, W., Lait, 18, 
758 (1938); Chem. Abs., 32, 7147 (1938) 

T^Maier, Fr . Deut. Molkerei-Ztg., 55, 1477 (1934); Chem. Ahs., 29, 2611 (1935). 

TO Solechnik, N. Y., Bumaxhnaya Prom, No. 8, 24 (1934); Chem. Abs, 29, 1244 (1935). See 
also Sommer, H., and Becker, J., Zellstoff u. Papier, 13, 335 (1933); Chem. Ahs., Zlt 4669 (1933). 

TO British P. 457,708, Nov. 30, 19.36, to I. G. Farbenind. A.-G. ; French P. 804,582, Oct. 27, 1936; 

, Chem. Abs., 31, 3602 (1937); see also Eggfcrt, J., and Wendt, B., German P 640,908, Jan. 15, 3937, 

' who use a urea derivative of sodium />-ammoben 2 oyl-p-phenylenediamine sulfate; Chem. Abs., 31* 5484 
(1937). 
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of the urea of sodium 4'“aminobenzoyl-3-amiiiopyrene-disulfonate at 50® C so that 
every part of the foil is covered by the liquid for one minute. 

Gerngross and Callo use a dilute aqueous solution of pine-bark or quebracho 
extract in treating transparent papers or films of cellulose derivatives to make 
them impermeable to ultraviolet rays. 

Paper milk bottles protect skim milk, whole milk or buttermilk against the 
action of sunlight in causing burnt flavors, but they do not protect whole milk or 
cream or homogenized whole milk and cream against tallowy flavors.®^ The burnt 
flavor predominates in low-fat and the tallowy flavor in high-fat products. Both 
commonly occur together in whole milk exposed to the sun. Homogenization of 
milk and cream accelerates the development of tallow flavor in sunlight, but retards 
that due to copper catalysis. The burnt flavor may have its source in the protein- 
free serum. It seems to be related to the fading of lactoflavin, which is the primary 
cause of the bleaching of milk in sunlight. This bleaching does not occur in paper 
bottles. 

Ried l>elieved the staliility of milk could be improved by keeping it in metal 
cans which had been previously irradiated by ultraviolet rays. He also proposed 
to pack butter and cheese in irradiated metal foil and believed the growth of yeast 
could be influenced l^y the use of irradiated metal vessels. 

Soap bars with traces of iron or copper oxide darken in four days in diffused 
daylight and in a few hours in sunlight or ultraviolet light. Sudden irregular 
after-darkening and rancidity of soap bars is traced to small quantities of rust or 
copper oxide from corroded parts of the equipment. 

It has been claimed that a bactericidal substance may be obtained by irradiating 
a non -saponifiable portion of fatty material until it has an activity such that from 

2 to 7 mg. per cc. of maize oil is fatal to yeast. Such a product may be mixed 

with inert oils or with lanolin to fqrm medicinal preparations or may be added to 
cosmetics or shaving soaps.®^ 

MGcrnifross, O. and Callo. A., British P 45Q,335. Jan. 6, 1937; Chrm Abs., 31, 4021 (1937). 

« Doan, F. J., ami Myeift, C. H., Milk Dealer, 26, No. 1, 76 (1936); Chem. Ahs., 31, 2304 (1937). 

"3 Ried, O., Atistrtan P, 121,243, Sept. IS, 1930; Chem Abs,, 25. 2367 (1931). 

««Wittka, F., Scifensxcder-Ztg , 54, 740 (1927); Chem Ahs„ 22, 177 (1928). 

‘w British V. 423,354, Jan 22, 193S, to Standard Biands; Chem. Abs , 29, 4526 (1935). 



Chapter 30 

Processes Involving the Polymerization of Oils, 
Paints and Varnishes 


In discussing the bleaching of oils, it was impossible to avoid mention of the 
polymerization of unsaturated oils. The commercial processes which depend 
largely upon polymerizing and oxidizing effects are complex and are not as yet 
thoroughly understood. In addition, in unsaturated oils there are stereoisomeric 
transformations at double bonds. A separate treatment of these, and possibly 
other photochemical changes is scarcely possible as yet in a discussion of the 
mechanism of the drying of oils as influenced by light. Color changes also occur 
during drying. 

Tung oil is the most suitable oil for studying the drying process because of its 
comparative freedom from mixed glycerides and because of its ability to yield 
purifiable products.^ It was pointed out by Marcusson - that the white mass of 
melting point 32*^0. formed in chinawood oil by ultraviolet light in the absence of 
oxygen cannot be a simple product of polymerization since the fatty acids liberated 
from it differ from those liberated from the original oil in melting at 71 ®C. They 
consist chiefly of ^-eleostearic acid, an isomer of the a-form present in the original 
oil, Tung oil has 90 per cent of a-eleostearic (eleomargaric) acid. Accordingly, 
the formation of ^-'eleostearic acid is similar to the type of change discussed pre- 
viously in connection with cinnamic acid. The formation of /i?-eleostearin causes 
the film of dried tung oil to lack durability. In addition to this process, there 
occurs also tjbc formation of a small amount of an infusible polymerization product 
of /5-eleostearin. This also is analogous to the type of change occurring in the 
cinnamic acid series. The change may be completed by 48 hours of irradiation, 
according to Bdeseken and Ravenswaay.® 

Manecke and V olbert noted * that eleostearic acid and its methyl ester have a deep 
absorption band at 2650 to 2750 A. Dingwall and Thomson® went further in showing 
that two forms can be definitely identified by absorption curves. By studying the 
absorption spectrum of the «-form in alcoholic solution after various periods of mercury 
arc irradiation, it was found that during the first two minutes it tended to pass over 
into the /3-form. Continued irradiation, however, caused profound changes. When a 
15-per cent solution of the ^Jr-acid in 90-per cent alcohol was irradiated for two hours 
it was converted into an acid that had the same absorption spectrum (2500 to 2850A) as 
the acid obtained from the solid glyceride The absorption curves obtained by Manecke 

^ A critical review of the earlier work on the drying of oils and the nature of the '^)xyn acids'' 
was given by Eibner, A., and Munzert, H, Chem Umschau, 34, 89, 101 (2927); Brit. Chem. Abs., 
417 (1927); Chem. Ahs., 21, 2071 (1927) See also Morrel, R. S., Chemistry and Industry, 56, 79'? 
(1937) 

a Marcusson. J., Z. angew. Chem., 35. 543 (1922); Z. deut. Oel-Fctt Jnd., 43, 162 (192.3). 

« Roeseken, J,, and Ravenswaay, H. J., Rec trav. chim., 44, 241 (192 5). Eibner, A., M«rz, O., 
and Munzert, H., Chem. Umschau, 31, 69 (1924); Nonaka, M , / Chem. Ind. Japan, 24, 1272 (1921); 
Morrell, R. S,, J. Chem. Sac., 101, 2082 (1912). Blom, A* V., attributes the change to rays of long 
wave-length. Chem. Umschau, Fettc Oele MWhse Harae, 36. 229 (1929); Chem. Ahs., 23, 6336 (1929). 

* Manecke, W., and Volbcrt. F., Farben-Ztg., 32, 2829, 2887 (1927); Brit. Chem. Ahs., B, 821 
(1927). 

* Dingwall, A., and Thomson, J. C., Am. Chem. Soc., 56, 899 (1934), 
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and Volbert for linoleic acid and its ester were different. They resembled those of oleic 
and crotonic acids with a slight increase in the intensity of absorption and a displacement 
of the characteristic weak absorption bands in the direction of longer wave-lengths. 
Absorption curves for acetic, elaidic, linoleic, eleostearic and stearoleic acids have 
recently been given by van der Hulst* It will be recalled that in discussing the absorption 
of various unsaturated open-chain compounds, Smakula had shown the absorption to 
increase with the number of conjugated double bonds. 

Tlleostearic acid in carbon tetrachloride adds bromine rapidly in the light of a Uviol 
lamp until three double bonds are saturated.'^ 

Eighteen grams of ^-eleostearic acid in 180 gins, of petroleum ether in a freezing 
mixture was exposed by Bauer and Rohrback“ in a quartz flask to ultraviolet light while 
adding bromine drop wise to the extent of six atoms per molecule. A white solid which 
separated after several hours, during which there was much evolution of hydrogen 
bromide, had the formula CiHHaoOaBre- On debromi nation with zinc in alcohol, 
it gave ^-eleostearic acid. An oily by-product of the hexabromide had a bromine con- 
tent between that of penta- and hexa-bromide. When debrominated, it gave an oil 
with a bromine content between di- and tri-bromoeleostearic acid.® Of the three (conju- 
gated) double bonds usually only two add bromine unless the solution is exposed to 
ultraviolet rays/® 

Ellis found that china wood oil at six inches from a mercury arc became so brittle 
after an hour that it could easily be pulverized to a white powder of iodine value 93. 
Linseed oil gave a resilient translucent jelly of practically the same color as the 
original oil. 

Working with thin films of tung oil on glass slides, Eibner and Rossmann 
found that cx])o.sure to sunlight or for ten minutes to a mercury arc causes a rapid 
formation of the crystalline /3-eleostearin. Although at room temperatures, this is 
soluble in the unchanged oil, precipitation occurred if the film was kept at O^C. 
The crystals could be observed microscopically under polarized light. This trans- 
formation is regarded as the first step in drying. In the absence of light, this 
isomerization did not occur. Oxygen is essential to the change of pure ^-eleo- 
stearic acid to the amorphous condition, ‘‘filming’'; this autoxidation is favored 
by light and by increase of temperature. The observation that during the con- 
version of this material into a film from 7 to 10 per cent of oxygen is absorbed 
invalidated the older theory that drying or film formation was a pure polymeriza- 
tion process. Examination of the fatly acids recovered from the product also 
showed that considerable oxidation had occurred. Polymerization probably also 
occurs so that film formation is a mixed process, “autoxypolymerization.*' Thus, 
if a tung oil containing /^-eleostearin be exposed in a thin film, oxygen is priisparily 
absorbed by the dissolved y^?-glyceride in the surface layers ; the autoxypolym^iza- 
tion products are at first colloidally dispersed and then, by rapid transition to the 
gel condition, constitute a first disperse phase leading to film formation. Com- 
parative experiments on the behavior of thin and thick films showed that the 
absorption of oxygen continues up to the drying point, and constitutes a principal 
reaction. Not all of the original a-eleostearin is transformed to the yS-form before 
the autoxypolymcrization occurs, for a tung oil kept in darkness for three to four 
weeks dried to a clear film. The greater part is directly autoxidized to a film. 

«van der Hulst, L. J. N., Rcc, trav. ihim, 54. 639 (1935). 

Kauftnann, H. P., and Luten-Berg, K., Ber.. 62B, 392 (1929). Tn methyl alcohol, two of the 
double bonds are saturated in darkness within an hour but the third only begins to react after hfteeti 
hours. Ber., 59B, 1390 (1926). 

* Bauer, K. H,, and Rohrback, E., Chem Uwsekau Fette, Waxc, Harse^ 35, 53 (1928); Ckem, Abt., 
22. 2073 (1928). 

® See also Kaufmann, H. P., Ber., 59, 1395 (1926); Boeseken, J., Rec. ttaiK chim., 46, 619 (1927), 

*»Kaufmann, H. P.. and Balte.s, J , B^r , 69B. 2670 (1936); Chem Ahs , 31. 2032 (1937). 

Etbner, A., and Rossmann, E., Chem Umschau, 35, 241 (1928); Chem. Abs . 23. 291 (1929)* 
f^nt. Chem, Abs. B, 934 (1928). See also Mera, O., Farbe und Lack, 31, 332, 343 (1926); Chem, 

. 21, 184 (1927). 
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Microscopic examination of films of cbinawood oil on glass revealed a shrink- 
age in volume and the formation of fine cracks while the film was still moist, the 
cracks reaching through to the bottom.^^ This contraction coincides with the for- 
mation of ^-eleostearin from the a-form. The next step in drying is the formation 
of folds at right angles to the cracks, increasing the volume and frequently pushing 
the cracks together again to form a double-lipped joint; this folding coincides 
with the absorption of oxygen by the a-eleostearin. Certain observations, however, 
stand in opposition to this simple theory* /J-Eleostearin alone, when melted, will 
show contraction and crack formation and, as previously stated, the ^-form also 
dries by a primary oxidation followed by polymerization. Light seems essential 
to the wrinkling, since dear, non-wrinkled films are obtained by drying the oil 
in darkness. In the light of the quartz lamp, this oil never dries clear ; in sunlight 
at lower temperatures, there is wrinkling without cracking. a-Eleostearin does 
not appear to cause cracking at r(X)ni temperature. It has also been observed in a 
black wood oil varnish that a network of fine cracks can form after the wrinkles 
have appeared, passing through the latter at all angles. Rossmann states also 
that when ionized oxygen (produced by a flame, ultraviolet light or radioactive 
materials) was present during the drying of tung oil, wrinkles were formed, but 
that wrinkles did not form in the presence of ionized nitrogen or illuminating gas. 

It has recently been suggested that a third form of eleostearic acid may exist. 
This is the punicic acid obtainable also from the seeds of the pomegranate. Ultra- 
violet light converts it into /?- eleostearic acid.’^ 

The properties of so-called * light -struck” tung oils were studied by Gardner 
and Parks.^®^ Upon heating, the oils were quickly transformed into a clear liquid 
condition and could then be used for the production of varnishes as satisfactory 
as those made from oils which had not been *'light-struck.” Oils which had been 
exposed to sunlight for about six months could be brought back to a normal state 
by heating to about 60^ C., although then their solidification points were very much 
lower than those of normal oils. Warming samples of the exposed oils with an 
equal volume of acetone gave clear transparent solutions, but on standing over- 
night these solutions gave heavy deposits of white crystals. Eibner would doubt- 
less consider these as ^-eleostearin. 

Rossmann exposed the a- and yS-forms of eleostearic acid with and without 
solvents to sunlight and to the light of the quartz mercury arc. The products 
yellowed more or less, the iodine number decrea.sed and the molecular weight 
increased The decrease in iodine number determined by the usual methods did 
not indicate a loss of more than one double bond, but by the use of special methods 
it appeared to decrease by two in some cases. Various types of dimolecules may 
form through the loss of a double bond of each. It is also possible that the 1- and 
6-carbon atoms of the three conjugated groups may join forming ring complexes. 
The amount of polymerization which occurs in 144 hours under the Hanau quartz 
lamp could be attained in a few minutes by heating at 300° C. 

I-^vy has also descriVjed the microscopic wrinkling and folding of the frosty 
surface of tung oil films dried in air and light. The films formed by the much 
slower drying of the oil in darkness (six to eight weeks) are, if thin, nearly or 

Eibner, A, and Rossmann, E., Chem, Umschau, 35, 281 (1928); Ckem. Ahs , 23, 15 1 6 (1929). 

^Rossmann, E., Farben-Ztg., 1288 (19.33); Chem, Abs., 27, 5557 (1933). 

Farmer, E. H., and van den Heuvel, F. A., /. Chem. Soc., 1809 (1936). 

^ Gardner, H. A., and Parks, H. C., Circular Na. 256, Paint Manufacturers Asweiatton, Drccm 
her, 1925. 

Rossmann, E., Fcttchcm. Umschau, 40, 96 (1933); Chem. Abs., 27, 50 5 7 (1933). 

Levy, P., Recherches et inventions, 14, 340 (1933); Chem. Abs., 28, 3918 (1934). 
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completely free from frostiness. When dried in Itffht, hut in the dry atmosphere 
of a sulfuric acid desiccator, three weeks are required and only the thin films 
exhibit frostiness. Drying in a dry or moist vacuum requires about a year, but 
the surface is smooth. There is a loss of 1 to 3 per cent in weight. On opening 
the tubes there is an ethereal odor. Pressed oils do not solidify even when 
exposed for several months to sunlight or to an electric filament lamp. Oil obtained 
by extraction with petroleum ether solidifies in from a few days to a year in 
darkness, in a few days to a month in sunlight and in a few hours in the light of a 
mercury arc lamp. X-ray diffraction diagrams indicate that the solidified oil has 
a crystalline structure. In studies by means of the Siedentopf cardioid ultra- 
microscope, McCloskey and France^® demonstrated a considerable increase in the 
number of colloidal particles and in the viscosity of tung and non-acidified linseed 
oils on irradiation. 

Linseed Oil, The drying of linseed oil has been the subject of many investi- 
gations but cannot be said to be as well understood as is that of tung oil.’^ Kauf- 
mann gave data on the effects of light on the rate of the bromination of linseed 
oil in carbon tetrachloride and in methyl alcohol saturated with sodium bromide. 
The results, in Table 23 cited by Knauss and Smull,^^ are given as the equivalent 
of iodine absorbed by equal amounts of oil. 

Table 23, — Bromination of Linseed Oil (Iodine No. 182) 


C CU ; , CHaOH and NaBr 


Time 

Dark 

'Sunlight 

Dark 

Sunlight 

2 minutes 

1S2.0 

178.1 



10 

15U 

183.0 

156.2 

161.3 

30 

1S2.8 

190,5 

157.4 

163.8 

60 

156.8 

194.3 

160.7 

164.3 

24 hours 

183.0 

239.5^ 

183.3 

182.0 

48 

182,0 

252.0 

183,5 

181.6 


* No mention is made by Kaufmann as to whether any substitution had taken place lo fi^ive these 
high values. 


Knauss and Smull determined the rales of substitution and addition when bromine 
was kept with the fatty acids from poppyseed oil, soybean oil, linseed oil and perilla 
oil for one hour in darkness. They then observed increases in these values during 
subsequent exposure in quartz tubes to ultraviolet light during an hour. Similar 
observations were made upon oleic, linoleic and linolenic acids. The mixed fatty 
acids of the different oils all absorbed more bromine when irradiated than in dark- 
ness. This w'as held to indicate the presence of stereoisomers formed by light and 
not determinable by the usual methods of analysis. The possibility of a direct 
action of light upon the bromine does not seem to have been considered, probably 
because this effect would have been expected by visible rather than ultraviolet light. 

Goldschmidt and Freudenberg^^ found that ultraviolet light failed to cause the 
polymerization of linolenic acid and its esters in i^acuo, the process occurring only 
through oxygen bonds. Genthe made early studies of the use of ultraviolet rays 
in the drying of linseed oil. It was exposed on filter paper to an atmosphere of 
oxygen in a quartz flask. During the first two hours of irradiation the absorption 

McCloskey, K. E., and France, W. G., Ind. Eng. Chem., 27, 160 (1935). 
a review of early work, see Fa^he and Lack, 629 (1926). 

Kaufmann, H. P., Z, Uniersuch. Lehensm,, 51, 3 (1926); Ber., 59, 1390 (1926), 

^ Knau$8, C. A., and Smull, J. G., /. Am, Chem, Soc., 49, 2808 (1927). 

Goldschmidt, S., and Freudenhetg, K., Ber., 67B. 1589 (1934). 

Genthe, A., Z, angew. Chem., 2090 (1906). 
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of oxygen was slight* In the third hour, it became very rapid, gradually diminish- 
ing in rate during subsequent hours* No formation of ozone was noted. 

In the laboratory of the senior author* samples of linseed oil were fotmd to be 
considerably bleached by ultraviolet light and in the case of the raw oil, prac- 
tically no skin was formed over the top. With boiled oil, a film was formed 
in six hours if there was free access of air. In one case in which tlie oil was 
exposed in a thin layer over water, the oil became turbid and apparently a very 
stably emulsion was formed. In another case a sample of raw oil was exposed 



Figure 121. Absorption Shown by Several Samples of Commercial Linseed Oils 
(Stutz* Industrial and linyineermq Chemistry), 

for seven hours in a dosed chamber in an atmosphere of steam. The oil, which 
had been quite dark at the beginning, was bleached to a light straw color, 
Stutz^^ found the irradiation of raw linseed oil by ultraviolet in the presence 
of nitrogen to cause a marked decrease in the iodine number. This was confirmed 
by Knauss and Smull, who found that a sample of raw oil with iodine number of 
180 showed only 148 after exposure for eighteen hours in dry carbon dioxide. 
But when this sample of oil was brominaled in ultraviolet light for thirty minutes, 
the total bromine absorbed was equivalent to an iodine number of 190. In the 

vSf€ alKo Wiirth, K., farben Ztg., 33, 1852 (1928); Ckem, Abs., 22, 4261 (1928). 

> Ellis, C. and Wells, A. A., Chem. Eng., 116 (1918). 

■®Stutz, G. F. A*, Ind. Eng. Chem., 18, 1238 (1926). 
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first exposure of the raw oil in the presence of carbon dioxide, the ultraviolet 
rays caused a mutation of the stable isomers to labile forms. In the second expo- 
sure in which bromine was used, the action of the radiation stimulated the addition 
of halogen to the isomers formed in the first irradiation. It is known that labile 
isomers react very slowly with halogen and easily with oxygen. This too was 
found to be the case, for the oil from the first exposure (iodine number only 148 ) 
dried more rapidly than the raw, unexposed oil. It is apparent, therefore, that the 



Figure 122. Change in Absorption Spectrum Shown by Raw Linseed Oil after Exposure 
to Ultraviolet Light m the Presence of Air (Stutz, Indiutrial and Engineering 
Chemistry ) . 

ultraviolet rays must have simply stimulated the haloj’cnatiou. It is unlikely that 
they could in thirty minutes have changed the labile form to the stable form. 

An apparatus for oxidizing oils is described by Schofield.^’' The oil, such as 
linseed oil, is sprayed through a chamber illuminated by a high-tension electrical 
discharge. Purified and dried air is also supplied to the chamber, under pressure 
and at a temperature of about 250° C. 

Gardner and Parks found direct sunlight to accelerate the drying of a film 
of raw, unsiccatized linseed oil exposed to the air. There were no differences in 
the drying times in direct sunlight or in sunlight filtered through plain, ground, 

*^vSchofie1d, H., British T. 227,212, Oct. 16, 1923; /. Soc. Chem. Ind„ 180 (1925). 

“Gardner, H. A., and Parka, H, C., Circular 172, Vi S, Paint Manuf. Assoc., March. 1923. 
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red, amber, blue or green glass. When, however, diffused daylight was employed 
the following times of drying were noted: Pure unfiltercd light, 4 days; amber 
glass, 11 days; blue glass, 13 days; darkness, plain glass, ground glass, red glass 
or green glass, 14 days. The effect of heavily siccatizing the oil was to cause the 
films under all conditions, including exposure in darkness, to dry in six hours. 
Previous exposure of a film of raw unsiccatized linseed oil to the ultraviolet rays 
of an iron arc for thirty minutes produced a great acceleration in drying, which 
was shown to be independent of the heat resulting from the irradiation. When 
the ultraviolet rays were screened through red glass, the accelerating effect was 
lost. 



Figure 123. Absorption Shown by Acids Contained in Linseed Oil and Monoglyceride 
of Linolenic Acid (Stutz, Industrial and Engineering Chemistry), 

Stutz studied the influence of ultraviolet rays on a number of paint oils at 
50° C., comparing their physical properties at various intervals. He also measured 
the absorption of the rays by these oils. In general, it increases with the molec- 
ular weight and body. The effect of exposure on wet oils is similar to the effect 
of heat and air-blowing, A boiled linseed oil absorbs the light almost completely 
at the surface. A raw oil, however, allows the light to penetrate a considerable 
distance. (Fig. 121 gives the absorption of several commercial samples.) Oils 
4ried by exposure to ultraviolet light usually have a lesser absorption than those 

•Stute. G. F. A., Ind, Eng. Chtm,, 18, 1235 (1926); W, 897 (1927). 
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dried in difftised day%ht. (See Fig. 122.) Practically all the oils studied, includ- 
ing linseed, tung, soybean, poppyseed and perilla oils, have high absorption of 
wave-lengths shorter than those at the limit of the surfs spectrum. Because the 
absorption is so nearly complete near the surface, changes occur there only and 
the properties of the underlying film are less affected. The radiations of sunlight, 
however, can penetrate more deeply. This difference deserves consideration in 
interpreting the results of accelerated weathering tests discussed in a subse- 
quent section. The longer the oil is exposed the more it absorbs and, therefore, 



Figure 124. Absorption Shown by Several Samples of Linseed Oil Taken at Intervals 
during an Air-Blow (Commercial Scale) (Stutz, Industrial and Engineering Chemistry), 

the greater the effect of light, which is cumulative. Bodying the oil seems merely 
to increase its content of absorbing materials. It cannot be due to an increase 
in acid content since the pure acids themselves have a lower absorption (see Fig. 
123) than oil samples containing only 4 or 5 per cent of such acids. The simi- 
larity between the effects of ultraviolet on oil and the absorption clianges during 
an air-blow of linseed oil (Fig. 124) make it probable that the decomposition or 
weathering of an oil film is simply a continuation of the drying of the film, the 
same reaction or reactions being involved in both.®® 

See also Becker, J., and Bruckersteinkuhl, K., Z. Kiftderkeilk,, 43, 566 (1927). For some obser- 
vations on the effects of light on sunflower oil, see Koain, N. I., ana FricByanakaya, F. M** Mashboino 
Zhirovoe Deh, 12, 529 (1936); Cb#m. Abs„ 31, 5191 (1937). 
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Eibner atid Murusert noted that a linseed oil film in direct stmligrht can lose 
in weigrht (after a first sharp increase due to oxidation) and may resoften, so that 
the standard test should be made in diffused daylight. Two oils treated with ultra- 
violet light were found to have gelatinized throughout their bodies after standing in 
darkness for several months, their acetyl numbers rising from the original 1.5 and 
2.8 to 60.7 and 71.39, respectively, and their hexabromide numbers dropping from 
the original 51.5 to 13.8 and 9.6, respectively. Their gasoline-insoluble hydroxy- 
acids had increased from zero to 42.8. The normally dried films of linseed and 
poppyseed oils were thought to consist of glycerides of oxy-acids, although this 
could not be substantiated by chemical methods. The oxidized films are conden- 
sation products of the intermediately formed peroxides and are not true oxy- 
glycerides. 

Marling®^ observed that linseed oil films without drier, or with a cobalt drier, 
on irradiation at 75 cm. from a mercury arc for a sixteen-hour period showed an 
increase in acid value and a decrease in iodine number. At a concentration of 
0.015 per cent cobalt, the acid value reached 86 in this period. In an indoor aging 
test, 84 days were required for the oil to reach an acid value of 88. 

It has recently been observed by Rose and Bolley that unpigmented films of 
linseed oil, with or without drier, dry and harden when exposed under constant 
temperature and humidity to ultraviolet light, and then on continued exposure 
soften again. The percentage of the film insoluble in acetone reached a maximum 
at about the point pf maximum hardness and decreased as the film softened again. 
The less .saturated linseed oils gave dried films which softened les.s and v^ere less 
soluble in acetone. Driers, lead or manganese, delayed and reduced the amount 
of after^softening. When pigmented with white lead, the films became progres- 
sively harder and less soluble with no after-softening. The iodine number, which 
was la^bout the same for the solul)le and insoluble portions of the film, decreased 
during eatposure in all cases and was not related to the softening or solubility of 
the films. 

Clark and Tschenlke made careful studies of the density changes during the 
drying of variously treated linseed oil films. For 32 hours of treatment by an 
intense sunlamp (equivalent to about six days of ordinary sunlight) the change 
in density varies from 2 to 4 per cent, depending on the drier. The highest 
change recorded was the unexpected one of 25.06 per cent ft)r a raw oil film aged 
226 days, though the density of this film had increased only 5.03 per cent in 
68 days. This suggests that tests of linseed oil films must be run for a sufficiently 
long period. It also explains how paint films and patent leather may fail rather 
suddenly after a seemingly satisfactory period during several months. In the 
presence of driers this increase after periods of 248 days amounts to only 14 or 
IS per cent. 

Increases in density under ultraviolet light are smaller than in sunning, even 
though films may assume the same appearance and dryness. Where superposed 
films are involved, the mechanism of ultraviolet aging differs from that of sun- 
ning. After a film has been subjected to sunning or ultraviolet aging and is then 
placed in darkness, the increase in density continues at an increased rate. This is 

Eibtier, A., and Munzert, If, Chem. Utnschau Fette, Oele, Waxe and Harsc, 34, 89, 101 (1927); 
Chem, Abs„ 21. 2071 (1927), 

s* Marling, P. E, Ind. En{f Chem , 21, 594 (1929); see also Fukushima, T., Horio, M., and Miki, T., 
7. Sac. Chem. Ind. Japan, 35, 142 (1932); Chem. Abs , 26, 3939 (1932). 

««Rose, C. H., and Bolley, D. S., Ind Eng. Chem., 28, 115 (1936). 

Dark, G. L., and Tsehentke, H. L-, Ind, Ena. Chem,, 21, 621 (1929). A Mazda laran source is 
luiad by Nicolson, D. G , and Holley, f’, E., Jr., llbid,, 30, 563 (1938)3, who believe light destroys an 
* mhibitor. 
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greatest after ultraviolet treatment. Although sunning requires hours, ultraviolet 
aging takes only minutes* 

Auer suggests treatment of linseed oil or castor oil With peroxides {e.g,, those 
of Mg, Zn, Ce or Na) and by heating at 250 to 300®C. under vacuum to obtain 
products which can be vulcanized and used as rubber substitutes. They may be 
employed al^o in the form of emulsions or as ingredients of varnishes, linoleum 
compositions, etc. In some cases, the products are further improved by exposure 
to ultraviolet rays or x-rays and by the use of such secondary reagents as 
formaldehyde, phenol, thiocarbanilide, benzidine, etc. 

Experiments on the oxidation and polymerization of soybean oil were carried out by 
Taverne.*® After ten days of exposure in air at room temperature, by Fahrion^s 
method, the hydroxy-acids of three grams of oil on ten grains of cotton yarn were found 
to be 38.4 per cent At 70® C., in the apparatus of Genthe*^ the oxidation was com- 
plete in thirty hours. By heating the irradiated oil in a beaker at 150® C, the molecular 
weight rose in ten days from 710 to 1730, indicating that polymerization accompanies 
oxidation. The oil became solid and contained 31.8 per cent hydroxy-acids and 63 per cent 
fatty acids soluble in petroleum ether, while the iodine number decreased to 64.8. 
Although Genthe had claimed that siccative oils can be bleached without oxidation, 
there was complete oxidation in 45 hours in Taverne’s experiments. A lead (6.28 per 
cent) manganese (5.76 per cent) rosin compound was found to be the most active 
agent for hastening oxidation. On exposure to ultraviolet at 70® C., oxidation was com- 
plete with 5 per cent siccative oils in about ten hours. 

Inaha, Kitagawa and Sato, and also Shinozaki and Sato,^® exposed alcohol- 
extracted and benzine-extracted pressed soybean oils, both crude and refined, to 
ultraviolet light for sixty hours. After twenty hours, the alcohol-extracted *and 
refined pressed oils were almost water- white, but it took thirty-five hours to decolor- 
ize crude pressed oil and benzine-extracted oil. Red colors were more easily 
bleached than yellow. The density, relative viscosity and refractive index increased 
with the time of exposure, sharply after fifty hours. For the first thirty hours the 
acid values remained constant, but after sixty hours they attained four to fifteen 
times their original values, reaching 4.5 to 5.5 no matter what they had been at the 
start. In the alcohol-extracted and refined pressed oils, the iodine numbers began 
to change after fifteen hours and in the benzine -extracted and crude pressed oils 
after thirty hours. After these periods, they decreased gradually. Fifty hours of 
exposure produced a substance soluble in petroleum ether; this amounted to 10 to 
16 per cent after sixty hours. After 55 houi's, the water-insoluble acids decreased 
by 2 to 5 per cent and the unsaponifiable matter increased 0.4 per cent. The 
oxygen content of the oils increased 4 to 5 per cent after ten hours. Both 
original and treated oils gave a weight increase of 6 to 7 per cent after 33 days. 
The ultraviolet absorption spectra also changed during the treatment, the oils 
becoming more opaque to the ultraviolet and less so to the visible rays.^® 

The carbon arc greatly accelerates the drying of various oils. Perilla oil set 

wAuer, L., U. S. V. 1.980,366, Nov, 13, 1935; Ciu'm, Abs.. 29, 254 (1935), eoe also French F. 
652.796, Oct. 4, 1926; Chem Abs., 23, 3804 (1929). British P. 321,690, 1929. 

»«Tavernc. N., Z. angew. Chem., 28, (T), 249 (1915). 

Genthe. A.. German P. 223,419, Aur. 24. 1907; /. Soc. Chem. Ind., 1168 (1910); Chem. Abs., 4, 
3146 (1910). In this, the oil or fat at 70~90®C. is treated with rays from an immersed mercury arc 
while air is blown through the hollow arm of a stirrer. It is claimed that 1000 kilos of linseed oil can 
be bleached with an expenditure of 60 k.w. hours for current, 30 h.p. hours and 1500 cubic meters of 
compressed air for stirring. 

** Xnaba, T., Kitagawa, K., and Sato. M., and Shinozaki, Y., and Sato, M., J, Soe. Chem. Jnd. 
Japan, 37, 372, 374 (1934); Chem. Abs., 2S, 7046 (1934). 

••For further studies of the influence of aix, oxy||:en, hydrogen peroxide, diffused daylight, direct 
sunlight and ultraviolet light on the physical properttes and oxidation of soybean oil, see Horovitz- 
Vlasova, L. M., Katschanova, E. E., and Tkatschev, A. D., Z. unters. Lebensm., 69, 409 (1935). 
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to tcmch in two hours,**® Oils such as candlenut, poppyseed, menhaden and soy- 
bean set to touch in four to seven hours. The so-callcd semi-drying oils, corn* 
cottonseed and rubberseed, were found to dry in about 24 hours. Gardner 
described apparatus suitable for drying newly painted walls. 

In drying tests at the Institute of Paint and Varnish Research in Washington, 
there is employed a metal drum revolving in thirty minutes and surrounding a low- 
pressure quartz mercury arc. In this apparatus perilla and linseed oils containing 
0.02 per cent of cobalt became solid in 24 hours and tung oil in four hours. These 
products yield to hot acetone 20, 32 and 16 per cent, respectively, of unpolymerized 
products. The polymerized, sponge-like residues, after drying, were tested to 
determine the amount of a petroleum distillate they could absorb. That from 
perilla absorbed 70 per cent, from linseed oil 80 per cent and from tung oil 160 
per cent of the mineral spirits before the surfaces of the particles appeared wet. 
These preliminary results indicated the possibility of producing these solid prod- 
ucts from oil economically. Tung oil treated with 0.05 per cent sulfur produced 
a wax-like mass resembling a hydrogenated fat, which might be used in linoleum 
manufacture. 

The yellowing of oxidized drying oils cannot be due to the presence or forma- 
tion of ketohydroxy- compounds in the film, according to Elm and Standen,^® 
since ketohydroxystearic acid is colorless, although diketostearic acid is yellow. 
From their appearances in filtered ultraviolet, the yellowing differs in tung and 
linseed oil filnis.*** 

Castor oil exposed to the sun in a thin layer solidifies fairly rapidly,^^ Polymer- 
ization of pilchard oil by ultraviolet rays shortens the induction period for its 
oxidation, and increases the rate of the process and the total amount of oxygen 
absorbed.**® 

The densities, refractive indices and saponification numbers of sunflower-seed 
oil samples are gradually increased by ultraviolet irradiation. The acidity increases 
comparatively little, the iodine number drops toward the end of a series of thirty 
irradiations (2 to 6 hours) at ten-day intervals. The acetyl number at first rises 
and then drops. The oil is bleached considerably.^"^ 

When fully extracted oil of the kernels of Tclfairia occidentalism which contains 
Of-eleostearic acid, is exposed to diffused light for some weeks, very small yields 
of the y^-isomer are formed. The yield is greatly increase<l by exposure to ultra- 
violet rays for some hours.**® 

In the oil of the pits of the Brazilian oiticica tree, the chief constituent is 
licanic acid (4-oxo-0, 10,1 1,1 2, 13,1 4-octadecatriene-l -carboxylic acid), which resem- 
bles eleostearic acid in being extraordinarily sensitive to light and air. The three 
double bonds make possible the existence of eight isomers, of which two are 
known. The fresh oil contains a-licanic acid, as glyceride which when illuminated 
in the presence of a trace of iodine, gives yS-licanic acid.**® 

U. S. Bureau of Standards Notes, /. Frank. Inst, 206, 694 (1928). 

"Gardner, H. A., Am. Paint Varnish Mfrs. Asroc. Circ., 335, July (1928), 592; 330, 482 (1928); 
Chem. Ahs., 22, 3539 (1928) 

«r«d. Eng. Chrm., 22, 378 (1930). 

«Elxn, A. C., and Standen. G. W., Ind, Eng. Chem., 24, 1044 (1932). 

"Eibtier, A., Paint Varnish Pradvetion Mfr., 14, 7, 10, 14, 12, 30, March, 1936; Chem. Ahs., 
30, 2779 (1936). 

"Sunder, C.. Bull. soe. ind. Mulhouse, 102, 353 (1936); Chem. Ahs., 30, 7348 (1936). 

"Genstedt, O. F„ and Brocklesby, H. N , Biol. Board Can., 1, No. 6, 487 (1936); Chem. Ahs., 
30, 2784 (1936). 

"Kozin, N. I., and Fridlyanskaya, F. M., Mashhoino Zhiren^oe Delo, 12, 529 (1936); Chem. Abs., 
|1, 5191 (1937). 

Farmer, E, H., and Paice, E. S., /. Chem. Soc., 1630 (1935). 

"Brown, W. B., and Farmer, E. H., 7. Chem. Soe., 1632 (1935). 
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Pijgfments. The effect of ultraviolet light on the darkening of Htbopoties 
has been discussed in Chapter 21. Some application has been made of ultra violet- 
induced fluorescence methods in the determination®*^ df the nature and quality of 
pigments, but many variable factors exist and careful control and considerable 
experience are necessary. The method is said to be valueless for estimating the 
pigment value of lithopones or zinc white, but natural and precipitated chalks may 
be distinguished by their appearances in ultraviolet light®^ The presence of 25 per 
cent of zinc oxide in titanium white changes the violet fluorescence of the latter 
to a greenish yellow. The admixture of organic coloring matters in mineral pig- 
ments can frequently be detected by this method. 



Kurotaki and Kobayashi introduce 5 to 20 per cent of trivalent nitrogen 
organic compounds without acyl, alkyl or alkylene groups or their aldehyde con- 
densation products in order to increase the light-fastness of pigments. Among 
the compounds used are a-naphthylamine, phenylenedi amine, phenylazobenzene, 
phenylhydrazine and diazoaminobenzene. 

The one salutary effect of light on paints is its bleaching action on yellowed 
surfaces. Whereas light of wave-length 3200A or less is required to produce pro- 
nounced deterioration of paints and darkening of lithopones, the beneficial bleach- 

*«>K«fferath, A., Farbe and Lack, 473 (1935); Grant. J., OH and Colour Trades 85, 1601 (1934); 
Chem, Ahs„ 28, 5997 (1934); Paint Manuf , 7, 340 (1937); Elm's, J., Rev. gin. mat. plasHqaes, 14, 
154 (1938); Bandel, G., Anacw. Chem., 51, 570 (1938). 

“KScliocn, M. J., and RtiiPc, J., Chem. Weekhlad, 26, 321 (1929); Brit. Chem. Abs. B, 609 (1929). 

** Kurotalci, S., and Kobayashi, C, Japanese P, 110,746, May 13, 1935; Chem. Abs., 30, 2411 (1936). 
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tag acticm extends to mtich greater wave-lcugths, in fact, up into the visible spec- 
trmn> according to some qualitative observations of Pfund.®® On the other hand, 
in the case of nitrocellulose lacquers, the addition of any such plasticizers as 
dibutylphthalate, tricresyl phosphate, Sipalin AOM and Sipalin MOM increases 
the yellowing of the films on exposure to ultraviolet light, the effect being greatest 
with tricresyl phosphate, next with butylphthalate, next with Sipalin MOM and 
least with Sipalin AOM.®^ 



Courtesy National Carbon Co , Inc 


Ficu»e 126. Paint and Varnish Test Using Eveready GA Unit 

% 

Accelerated Weathering Tests.®® Accelerated weathering tests for paint films 
have been devised by many, and usually involve the use of some ultraviolet light 
source to bring about in a short time the effects of sunlight over a prolonged 
period. It is readily apparent that there should be no reason to expect the short 

Pfund, A. H , Proc, Am Soc, Testing Materials, 23, //, 377 (1923) 

« Wolff, H, and Rosen. B., Farben Ztg , 34, 2564 (1929); Chem, Abs , 23, 4835 (1929) 

brief account of the historical development of accelerated paint tests has been given by Wiirth, 
K#, Farben Ztg, 33, 1470 (1928) For a general discussion of radiation and paint, see New, G F., 
FWIi# Manuf , 6, 145-6; Otl Colour Trades 89, 787 (1936), and Maaseille, H, Petntures, 
^pigments, vernis, 8, 1478 (1931). 
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wave-length^ highly active radiations to produce effects similar to those of the 
longer wave-lengths present in sunlight. Nevertheless, when their limitations 
are borne in mind, the use of ultraviolet tests may furnish in a short time tom- 
parative data which may be useful although they may not be in complete agreement 
with the results of prolonged fading tests. 

Nelson®® used a wooden exposure tank surrounded by an insulated air-space 
and lined with galvanized iron and containing a cylinder which revolves the test 
panels in a 24-hour cycle. Effects of sunlight, rain and mist were simulated by a 
quartz mercury arc, a revolving spray and a water-atomizer, respectively, together 
with a variable-speed electric fan to cool the arc and maintain a uniform tem- 
perature. (See Figure 125.) A more recent testing tank employs a carbon arc. 
(Figure 126.) 

A cycle of exposure for 24 hours to the rays of the arc at a temperature of SO to 
followed by cooling and exposure to the water spray for another 24 hours at 5 to 10® C 
was chosen as representing actual service conditions. Exposures were made at a 
distance of 28 inches from the source of the rays, investigation proving that the useful 
rays of destructive effect had a wave-length in the neighborhood of 3000A. On an 
average, comparable results were obtained in as many days in the apparatus as in 
months under service conditions. The following results were obtained on a scries of 
paints, the figures referring to the number of days necessary for complete loss of gloss, 
and for initial chalking, respectively : 100 per cent lead-free zinc oxide, 14, 16 ; 100 per 
cent leaded (35 per cent) zinc oxide, 9, 12; 100 per cent light-resistant lithoponc, 4, 6; 
100 per cent baste lead carbonate, 3, 5; 100 per cent Titanox, 2, 4; a mixture of 40 per 
cent zinc oxide, 40 per cent Hthopone, 20 per cent whiting, 9, 11. The effect of periodic 
saturation and maintenance of a saturated atmosphere during exposure is to acc.elerate 
both complete loss of gloss, and initial chalking by 50 per cent. Freezing of a saturated 
film materially promotes the formation of removable ‘‘chalk, most probably due to the 
formation of ice within the film. Neither flaking nor checking was reproduced in any 
of these tests. Cracking, rapidly followed by scaling and peeling, is produced by 
periodic exposures to temperatures considerably below freezing point, and is reproducible 
by exposures of equal alternate intervals to radiation, low temperature, and water-spray 
for a period of 100 days, equivalent to 14 to 15 months^ exposure to the weather. Lack 
of adherence is a fault more strictly connected with the method of application of the 
paint, hut can be brought about by exposure at 50 to 60®C. to the mercury arc. Of 
commercial paints intended for use as protective coatings for iron, both a 100 per cent 
red-lead paint and a mixture of 85 per cent ferric oxide with 15 per cent zinc oxide 
showed outstanding merit in maintaining gloss and inhibiting the formation of rust as 
compared with iron oxide paints containing various fillers, and a zinc oxide sublimed 
lead paint also containing a filler. Mthmigh a certain light-resistant lithopone main- 
tainecl its whiteness over a period of three years on exterior exposure, the effect of the 
ultraviolet radiations was to discolor both this product and white lead in a short time. 

Films exposed to ultraviolet rays increase in tensile strength and decrease in 
extensibilitv.®'^ This effect is less pronounced with films containing zinc oxide, 
which is opaque to ultraviolet rays, than with films containing ba.sic carbonate 
white lead, which is more transparent. The hardening and subsequent disin- 
tegration of the surface of a linseed-oil binder through reactions induced by ultra- 
violet radiation must be recognized as a fundamental cause for the failure of paints 
by chalking. This effect may be reproduced on pigments such as basic carbonate 
white lead by ultraviolet exposure alone without introducing any temperature or 
moisture variations. 

Verification of the deteriorating effects of ultraviolet light came quickly from 
a number of sources. Thus, Wagner claimed that the quartz mercury-vapor 

»«Nehon, H. A., Proc. /fw. Sae. Testinn Materials 22, IT, 485 (’1922). 

H, A, a«d Rimdlc, G. W., Proc. Am. Sac, Testing Materials, 23, II, 356 (1923); Netv 
Jersey Zinc Co Research Bull., March, 1930 

Wagner, H., Farbcn Ztg., 30, 2991 (1925); Ckem. Abs., 19, 3602 (1925); Faei>en Ztg., 31, 1023, 
1073 (1926); Z. Angew. Chem., 38, 1191 (1935). 
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lamp gives the same final bleaching of 14 mineral pigments and 75 coal tar dyes 
as stmlight in one-^fifth to one-thirtieth of the time, but noted that the type and 
quaKty the vehicle infitienced the results* The refractive index of the binding 
medium should be as near as possible to that of the pigment. In testing organic 
pigments or dyes, the least favorable medium for determining fastness to light is 
an aqueous glue wash, and the most favorable an oil or concentrated dextrin 
medium. The conversion factor of ultraviolet lamp hours into sun hours differs 
widely for different pigments. 

Discrepancies between the results of accelerated tests and outdoor exposures 
gradually became apparent. Gardner and Parks®® believed that, regardless of 
whether the accelerated test wheel would determine how a coating will wear on 
exterior exposure, it is of great value in securing quick data in regard to the 
comparative aging of experimental coatings. Furthermore, as Dean pointed out,®® 
the results of outdoor exposure tests are subject to factors difficult to control, such 
as climate, temperature range and the rate of its variation, rainfall, humidity, 
wind, abrasive dusts and various gaseous contaminants of the air. This accounts 
for the effort spent by many workers in developing the better controlled accelerated 
testing methods. 

Nelson and Schmutz®^ balanced the weathering factors used in their tests to 
approximate at least roughly the order and relative magnitude of these factors as 
they appear in average outdoor weathering conditions. The weathering of a paint, 
varnish or lacquer surface may be considered a process of ( 1 ) rendering the film 
indistensible or (2) bringing about internal strains due to shrinkage, or both, and 
then of (3) revealing these weaknesses by the breaking up of the surface. The 
first of these ustially involves oxidation, condensation and chemical decomposition. 
The second is usually due to temperature changes, which, in an indistensible film 
can be compensated for only by cracking and peeling.®^ 

The apparatus of Nelson and Schmutz consisted of a circular exposure tank 
four feet in diameter and sixteen inches in height with the destructive light source 
at the hub. A water spray, a silica gel dehydrator, and heating and cooling coils 
were included in an air-circulating system. Gas inlets and outlets for the intro- 
duction of oxygen and ozone when desired were provided. Refrigeration and 
water spray exposures were carried out in separate units, although it was also 
possible to use the water spray in the light exposure chamber. As a source, the 
flaming arc of the Atlas Electric Devices Co. Fade-Ometer was preferred to the 
quartz mercury arc since its spectrum more closely resembles that of the sun. 
It has approximately 34 per cent of its intensity below 41 00 A but none below 
3100A. In comparative tests employing the mercury arc and the treated carbon 
arc in similar cycles, panels with three coats of a house paint lost 76 per cent in 
gloss and chalked badly with the mercury arc; they lost only 13 per cent in gloss 
and did not chalk with the carbon arc. The temperature should be 140®F. and 
certainly not higher than 160®F. Although light exposures accompanied by high 
humidity might be expected to show great destruction, most failures such as 
chalking and checking, were noted during light exjwsures at low humidity when 
given immediately after high humidity exposures. From stress-strain measure- 

» Gardner, H. A., and Parks, H, C,, Paint Mfrs. Assoc., U. S. Circular 232, 248 (1925); Chim. 
Ahs., 19, 2560 (1925). 

00 Dean, H., Chemicals (Oct. 25, 7, 1926). 

« Nelson, H. A., and Sclimtjtz, F. C., M. Ena. Chem., 18, 1222 (1926). 

•oEfiMion 18 rardy considered. Sec Nelson, H, A., and Werthan, S., Ind. Eng. Ckem., 1$, 965 

8*Ndson, H. A., and Schmutz, F. C., Proc. Am. Soe. Testing Materials, 26, 11, S63 (1926); Nel- 
son, H. A*, Schmutz, F. C.» and Gamble, D, L., Ibid., 26, II, 1 (1926). 



OILS, FAINTS ANi) VARNISHES 


579 


mcjlts on paint films, adsorbed water generally increases distensibility. There- 
fore, severer deteriorations may actually be taldng place during a light exposure 
with high humidity but will not be so quickly revealed because of the additiob^ 
distensibility induced by the adsorbed water. In a subsequent light exposure with 
low relative humidity, the previous weakening of the films shows up because the 
surface in the dry condition has a lower distensibility. This influence of humidity 
varies with the water resistance of the surface tested. In general, the humidify 
of the light exposure chamber should be made to conform to the ratio of high 
to low humidity conditions of the weather simulated. Checking, which was 
formerly difficult to reproduce in characteristic form, is promoted by the addition 
of oxygen up to 30 or even 100 per cent. In routine testing, 30 per cent is adopted. 
The temperature of the water spray is also of importance. 

One month in a suitable weathering cycle should approximate fourteen months 
of outdoor exposure, when a suitable addition of oxygen is made. 

The Bureau of Standards employed a flaming carbon arc. The regular test 
program is made up of exposure to ozonized air for three hours, rain for three 
hours, light for seventeen hours and inspection one hour. In addition, on three 
days each week, the panels are subjected to refrigeration at —23*^0. for one hour, 
one-half hour being subtracted from the periods for exposure to ozone and rain. 
The order of exposures is varied on different days. 

In a more recent description of the Bureau of Standards method, Hickson and 
Walker state that the chamber for exposure to light and moisture consists of a 
rotating cylinder made of No. 16-gauge galvanized iron 76 cm. in diameter, 38 cm. 
high, open at both ends with the light-source suspended in the center. This size 
was selected to bring the light as near the panels as possible, at the same time 
avoiding too high temperatures. The cylinder has a capacity for sixty 7.5x15 
cm. panels. These are placed in two tiers immediately opposite the light inside 
the cylinder, the panels thus being 38 cm. from the center of the light I'ource. This 
gives a temperature of about 50 to 55° C. at the panels with the type of lamps 
used. Thirty slotted holders 7.5 cm. wide and about 35 cm. long for the panels 
are attached to the open vsurface of the open cylinder. A pan placed about 5 cm. 
below the bottom of the light cylinder contains water and serves to keep the tem- 
perature next to the panels down to about 52° C. as well as to humidify the air. 
To duplicate sunlight reasonably, an enclosed type carbon arc light operated at 
220 volts d.c. and 13 amps, is employed. On each renewal of the carbons, the glass 
globe (opaque to wave-lengths less than 3200A) should be cleaned. To simulate 
a hot, humid climate, a fixed water spray is mouitted in the tank in such a manner 
that it may function while the lights arc operating. The light cylinders rotate 
slowly at three revolutions per hour. An ammonia coil about 27 x 47 x 40 cm. in 
an insulated chamber that can be cooled to — 25°C. is used to chill the panels 
quickly. On removal from the light chamber, the test panels are placed in racks 
and the rack and samples are placed in the refrigerator, left there for one hour 
and then removed.^® 

In a method employed in Germany by Schulz” the paints are applied to iron plates 
and allowed to dry for at least three days, then matured for 24 hours at 80^C. The 
subsequent treatment consists of six repetitions of the following cycle: hanging in dis- 
tilled water at 2Q®C, exposure to ultraviolet light while moist and again when dried, 

Tech News Bull,, Bureau of Standards ^ Sept. 4, J927; Walker, P, H., International Congress 
Testing Materials, II, 603, 1927; Chem, Abs., 23, 997 (1929). 

«» Hickson. E. F., and Walker, P. H.. Ind, Bng, Chem., 20, 591 (1928). 

•®Note also Davidson, J. G., and Reid, E, W., Ind. Eng. Chem., 20, 199 (1928). 

Schulz, M., Farben Ztg., 31, 2879 (1926); Brit. Chem. Abs., B, 924 (1926); Farben Ztg., 32, 
2128 ( 19275 . 
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re^imnifirsion m distilled water, endosure in a damp atmosphere containing 
dioxide, further exposure to ultraviolet light under damp conditions, and then at 50 C*, 
enclosure in an atmosphere containing sulfur dioxide, exposure to damp air at 35 to 
40^ C, with interpolated periods at — 5"C., and renewed action of ultraviolet rays. It 
was claimed that the results on zinc oxiae-lithopone paints showed agreement with a 
two-year exposure to the atmosphere, in that the iron plates showed increasing rusting 
with the increase in proportion of lithoponc to zinc oxide in the protecting paint. 

In a rapid-testing apparatus described by Blom,*® two parallel chains are mounted 
on tiers of cog-wheels two meters apart so as to carry between them fifty test sheets 
10 cm. The chains travel at 20 cm. per minute and carry the sheets through three 
heating chambers and one freezing box. Sprays are fitted between the chambers, one 
of which can be filled with corrosive gases if desired. The strips are also submitted 
to both ultraviolet light and the light from a Sollux lamp. A typical time of treatment 
is only five days. Another German test machine described by Ritter ^ is claimed to give 
results in from 32 to 60 hours. An accelerated test has been patented by Digby, King 
and Kelvin, Bottomley and Baird, Ltd./® and others have been described by Walter” 
and by Vila.*** 

Inconsistencies between the results obtained by the ultraviolet methods and 
outside exposures have led to renewed study of the effects of various light sources. 
Zeidler and Toldte exposed eleven paints with various lead pigments on iron 
panels to radiations from the sun, an arc light, a mercury arc and a Nitra lamp, 
in some cases with a previous exposure to the action of hydrogen sulfide. The 
relative effects of the various sources on different paints were not uniform. In 
general, the mercury arc effected the greatest degree of fading of the discoloration 
produced by hydrogen sulfide. 

Schniutz and Gamble investigated the effects of six impregnated carbon arcs 
of known spectral energy distribution, the untreated carbon arc and the mercury arc 
on lithopones in nitrocellulo.se lacquers. Intensification of the infrared and visible 
ranges had but little influence on the results. One sample was unaffected by inten- 
sification betw'een 3200 and 4200 A. Two others were equally affected, although rays 
between 3000 and 3200A brought out a difference between them, and caused some 
effect on a third sample unaffected by the longer rays. With radiations below 
3000 A, the darkening was the same in the sample not affected at the longer wave- 
lengths and in only one of the two which had been equally affected by the longer 
rays. All samples showed up poorly. It is evident that specific wave-lengths 
exert specific effects on various samples of the same type of pigment. When 
wave-lengths shorter than 2500 A are employed, the differences between samples 
become less marked. 

The chief difficulty in the use of the carbon arc is due to the heat generated, 
elaborate cooling systems being required for its use in closed systems. Prelim- 
inary experiments indicated that the suitability of the mercury arc for this work 
could be increased by the employment of filters of Corning glasses.*^® Vitrified 
quartz burners were believed to have the advantage of not completely transmitting 
the far ultraviolet and of being more rugged than fused quartz. 

A. V., Chem. Fabr., 102 (1528); Chem. Abs , 22, 3789 (1928). 

» Ritter, E., Kali, 23, 10, 26 (1929); Chem. Abs., 23. 2048 (1929). 

'I® Digby, W. P., King, P. A., and Kelvin, Bottomley and Baird, Ltd., British P. 429,792, June 6, 
1935; Chem. Abs., 29, 7100 (1935). 

w Walter, P., Bull. soc. encour. ind. natl., 134, 213 (1935); Chem. Abs., 29. 5287 (1935). 

•wVila, A., Recherches et inventions, 16, 26, 349 (1935); Chi'm. Abs., 29, 6441 (1935). 

’“Zeidler, G., and Toldte. W„ Farben Ztg., 33. 1507, 2607 (1928); Chem. Abs., 23, 3585 (1929); 

Farben Zig., 34, 1547 (1929); Brit. Chem, Abs,, B, 365 (1929). 

’♦Schmut^ F. C, and Gamble, D. L., Ind. Eng. Chem, Anal. Ed.. 1, 83 (1929); see also Gardner, 

n. A., and Sward, G. G..Am. Paint f^arnish Mfrs. Assoc., Circular S58, 64 1930; Brit, Chem. Abs., B, 

6221 (1930); Nelson, H. A., First Communications, New International Assoc. Testing Materials, Zurich, 
117 P933). 

' wSec also Becker, E., Farben Ztg., 33, 2232 (1928); Chem. Abs., 23, 1290 (1929). 
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Sward and Hart compared the outdoor weathering of a numher of coating 
materials with that produced by (1) a pair of 13-amp. enclosed carbon arcs, 
(2) a 50-amp. flaming carbon arc with Sunshine carbbns, (3) a similar one with 
therapeutic C carbons and (4) a low-pressure mercury in quartz arc. Typical 
outdoor-type failures were obtained with the first and second sources, the latter 
being two to three times faster than the former. Failure by chalking predomi- 
nated with the third and fourth even in materials which out-of-doors failed by 
checking. A combination of sources might be used to produce both checking and 
chalking. The operating costs are approximately 22, 21, 21 and 8,5-13 cents per 
hour for the four sources, exclusive of capital investment. 

There has been much general discussion of the applicability of these accelerated 
methods. Grander and Shepherd believed them useful in comparing colors of 
the same basic type. The need for more refined methods for detecting failures has 
frequently been emphasized.'^* 

The accelerated tests have the advantage of rapidity, constancy of results and 
ready adaptability to simulate peculiar exposure conditions.^® Nettmann,*® who 
is somewhat more critical of their value, attempted a theoretical discussion of the 
aging of paints on the basis of accumulation of potential energy in the films being 
responsible for changes in their inner structure. Nauroy pointed out that no 
accelerated aging test could give the paint user an absolute or even a comparative 
measure of the value of a product submitted to him. Nevertheless, such tests can 
be of considerable value to the manufacturer for rapid control of the -effects of 
variations in formulas. Williams exposed panels of various yellow and green 
paints to ultraviolet light for 150 hours at 16 inches from the light. Warm air 
at 34°C. was continuously circulated around the panels. Failure was a darkening, 
])robably the result of a reaction between paint and vehicle. Very pronounced 
chalking resulted but no great difference was apparent between panels of the same 
group. Gardner made some studies of the water-soluble material produced by 
the action of weathering and ultraviolet light on various paints. 

Sieplein plotted the duration, intensity and fluctuational characteristics of 
outdoor ultraviolet radiation effective in exposure tests from astronomical and 
meteorological data for Miami and for a point representative of the eastern indus- 
trial region of the northern United States, Gardner notes that paint films pre- 
pared indoors and stored in confined spaces often develop a mottled appearance 
when later exposed out of doors to the action of the sun. 

The literature of the behavior of white pigments toward ultraviolet light has 


Sward, G. G., and Hart, L. P., Am. Paint Varnish Mfrs, Assoc. Circular STS, 53 (1931); Chom. 
Abs., 25, 1105 (1931). 
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■»»Kcmpf, R., Farben Zig., 33, 2359 (1928); Brit. Chem. Abs., B, 578 (1928); Walker. P. H., and 
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“Gardner, H. A., Natl. Paint Varnish Lacquer Mfrs. Assoc. Circular No. 455, 66 (1934); Chem. 
Abs., 28, 3251 (1934). He describes an outdoor water-wheel test rack. Natl. Paint Vamtsh Lacquer 
Asm., Sci. Section, Circular 534, 177 (1937); Chem. Abs., 32, 3639 (1938). 



582 


THE CHEMICAL ACTION OF ULTRAVIOLET RAYS 


beeti reviewed by vanHoefc®® Wag:ner®'^ states that the inferiority of the chalk 
paints to those made from barium or calcium sulfates is not due to their imperme- 
ability to ultraviolet light> which is about equal to that of paints with barytes and 
other white bases> but appears to be due to the flocculated condition of the chalk 
particles in the prepared paint, to the fineness of the particles, to their soft texture, 
to the high oil content of the paint and to its great tendency to swell. The usual 
discoloration of titanium white paint is ascribed by Zhukova and Sovalova®® 
to the instability of the titanium dioxide-linseed oil system because of poor wetta- 
bility of the oxide by the oil. By using an oxide ignited at 800® C. instead of at 
600° C, the discoloration in darkness is greatly retarded and that in ultraviolet 
light is practically eliminated. Soaps have a similar effect by forming pigment- 
enveloping aggregates which prompt the dispersion of the oxide in the medium. 

It is difficult to increase the fastness of chromes without adversely affecting 
the desirable properties of greening power or tinctorial strength and brightness of 
shade.®® 

To understand the susceptibility of various paint films to ultraviolet light, it is 
necessary to know something of the absorption of the harmful radiations by the 
pigments, since if they are so absorbed, there will be less energy to be absorbed 
by the oxidized oil film and less resulting deterioration of the film. At the same 
time, it is also desirable to know the relative abilities of various pigments, fillers 
and paint films themselves to reflect ultraviolet light. This is of some importance 
in the development of special paints for covering walls of rooms in which dual- 
purpose lighting is used, 

Pfund®® estimated the coefficients of diffused reflection from dry pigment sur- 
faces by calculation from photographic records obtained by allowing the light 
reflected by a pigment surface from a small quartz mercury arc to enter the slit of a 
small concave grating spectrograph. When light falls on a thick layer of fine 
particles it penetrates a large number of particles before being returned, so that 
the reflection coefficients give roughly qualitative results for the opacities of the 
pigments examined. Zinc oxide became practically opaque near 36(K)A; basic 
carbonate white lead was by far the most transparent pigment examined. “Titanox,” 
Timonox, lithopone, and sublimed white lead fell between these limits. Powdered 
sulfur is very opaque. Fused magnesia has constant reflecting power throughout 
the ultraviolet spectrum. In general, sulfur and zinc oxide are the most effective 
pigments in removing radiations harmful to the film. The inerts arc the least 
effective. From studies of mixtures with a volume ratio of pigment to vehicle of 
1 : 60 in filpis 0.065 mm. thickness, determinations of the decreased transmission 
due to pigment placed the transparencies of the pigments in the same relative 
positions as the determination of the diffused reflection coefficients. The trans- 
mission of the inert pigments is very high and is nearly non-selective. 

Hallett attacked the same problem in a somewhat different manner. The 
light from a quartz mercury lamp, after passing through a suitable glass filter to 
remove practically all the visible .spectrum, passed through a quartz lens onto the 
painted surface from which it was either reflected or transmitted to sensitized paper. 

«vaii Hock. C. T., Farhen Ztg., 34, 833, 895. 954, 1006 (1929); BriU Chem, Abs,, B, 180 (1929). 

w Wagner. H.. Farben Ztg., 34, 2011 (1929); Brit. Chem. Abs., BS6S (1929). 

» Zhukova, A., and Sovalova, A., Za Lakokrasochnuyu Ind., No. 2, 11, 1934; Chem. Abs.^ 29, 3859 
(1935). 

•Barker, J., Oil, Colour Trade 87, S7S (1935); Chem. Abs., 29, 7675 (1935). 

•Pfnnd, A. H., Proc. Am. Soc, Testing Materials, 23, II, 369 (1923), 

, R. L., Proc. Am. Soc. Testing Materials, 23, 11, 379 (1923); Chem. ^ Met. Eng., 29, 
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The paper was developed and the degrree of blackening determined by measurements 
with a Howland color photometer, and calculated to the “Arturascale/* in whidi 
the unexposed paper is taken as aero and the completely exposed paper as 100 per 
cent black. The values in per cent reflected, transmitted and absorbed by paints 
containing the following pigments (all in the same volume relation to the vehicle) 
are: Basic carbonate white lead, 42, 4, 54; tme oxide, 0, 0, 100; basic sulfate white 
lead, 3, 0, 97; Titanox, 16, 0, 84; lithopone, 36, 1, 63; red lead, 1, 0, 99; iron 
oxide, 1, 0, 99; lamp Wck, 2, 0, 98. Further observations are due to Stutz.®^ 
New,®® however, finds it impossible to predict from the transmission and reflection 
coefficients of pigments their effect on the durability of paint films exposed to 
ultraviolet radiation. In general, white paints are superior to aluminum paints 
in reflecting sunlight and in cooling power. Wagner and Pabst find even thick 
films of white lead highly translucent to visible and ultraviolet light. Red lead is 
also transparent in thin but not in thicker layers. The addition of 50 per cent 
barite increases the ttanslucency about 20 per cent Finely dispersed hammerscale 
or lead reduction scale renders films opaque. Zinc while, so-called molybdate red 
lead, and iron oxide with zinc white or zinc chromate impart ultraviolet opacity. 

The possibility exists that a pigment which absorbs energy may become excited 
thereby and may then pass over some of this energy of excitation to the film com- 
ponents. Goodeve®® states that zinc and titanium oxides, which exhibit a steep 
fall in reflecting power at 3850 and 4000A, may serve as sources of photoactivation 
for the oxidation of oil vehicles or for the bleaching of adsorbed dyestuffs. He 
finds, however, that zinc oxide does not cause the oxidation of linseed oil, although 
titanium oxide does. The reduction of chalking by zinc oxide is a specific effect, 
attributed to internal filter action. Goodeve has also given the diffuse reflecting 
power of other materials such as lead carbonate, barium sulfate, magnesium car- 
bonate and silica. 

Luckiesh and Holladay®® state that casein and nitrocellulose lacquer can be 
used as binders for ultraviolet reflecting paints, and that these should preferably 
contain a large proportion of magnesia, magnesium carbonate, alumina, or a mix- 
ture of these. Moderate amounts of silica, calcium carbonate, china day and 
asbestine may be added without greatly reducing the reflecting power, which is 
about 5 to 65 per cent. 

Lighting by luminous paints is proposed by Risler ®’^ A surface coated with a 
luminous paint containing a phosphorescent sulfide is rendered continuously lumi- 
nous by subjecting it to the rays of the spectrum ranging from blue to ultraviolet. 
To obtain the rays, a vacuum tube activated by high-frequency currents and filled 
with gas, such as nitrogen, argon or air, is preferably used. In a modification of 
the process,®® a vacuum tube with or without electrodes and filled with rarefied 
gas such as argon, nitrogen or air is coated internally or externally with a luminous 
paint containing a phosphorescent sulfide, or having the sulfide incorporated in the 
glass of the tube, whereby a continuous luminous effect is obtained. The sulfides 
may be mixed with a varnish and the luminous coating is preferably covered with 
an impermeable and fireproof coating comprising cellulose acetate, alcohol, tri- 
acetin, acetone and tetrachloroethane (see also Chapter 8). 

•astutz, G. F. A., /. Frank, Inst,, 200, 87 (1925); 202. 89 (1926); Ind. Eng. Cham., 19. 897 (1927). 

“New, G. F,. /. Oil and Calonr Chem, Assoc,, 19, 156 (1936); Chem, Abs., 30, 8652 (1936). 

“Wairner, H., and Pabat, E., Farben Ztg , 42, 664, 691 (1937); Qirm. 31, 8952 (1937); 

Kcsaler, Farben Ztg., 43, 39 (1938); Chem, Abs , 32, 4360 (1938). 

“Goodeve, C. F.. Trans, Faraday Soc„ 33, 340 (1937). 

“Luckiesh, M.. tnd Holladay, L. L., J. Frank, Inst,, 212, 787 (1931); Chem. Abs,, 26, 5218 (1932). 

“Risler. J., British P. 207,786, 1923. 

“ Risler. J.. British P. 208,723, Deo. 20. 1923. 
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Synthetic Resins 

Before discussing the applications of ultraviolet in the preparation and testing 
of varnishes, the relations of radiations to the artificial resins will be considered.®® 
Some polymerization reactions employed in the preparation of vinyl resins have 
been mentioned in Chapter 23. Ramstetter carried out the condensation of 
carbamide or its derivatives and formaldehyde under the influence of radiation of 
short wave-lengths, e.g,, from a quartz mercury lamp, in the presence or absence 
of condensing agents. The rays were applied during the whole or part of the 
reaction or during the concentration of the reaction solution or the hardening of 
the product. In one example, a solution of carbamide is treated at 7S®C. with a 
mixture of 80 per cent formic acid and 30 per cent formaldehyde at 40^ C. and 
heated for a quarter hour under reflux while being irradiated. Excess of formalde- 
hyde is distilled off under reduced pressure at 40° C. till a syrup remains and the 
latter is poured into flat molds. On keeping, it finally forms transparent flexible 
flakes, the hardening process also being accelerated by exposure to ultraviolet 
light Geisel states that the hardening is accelerated and that a tendency to 
cloud or deposit is counteracted if the mass is subjected to the action of ultraviolet 
light Shono found a phenol-formaldehyde resin to be decolorized in proportion 
to the amount of the ultraviolet rays (31 90-2585 A) to which it was exposed. Most 
resins made from the condensation products of phenols and aldehydes present the 
difficulty of discoloration by light. The urea-formaldehyde resin has, however, 
been found relatively light- stable.^ 

A substitute for drying oils as a medium for paints, varnishes, and impreg- 
nating agents for fabrics, wood, etc., proposed by Rohm,^®^ consists of a solution 
of polymerized acr 3 dic acid ester in acetone, lower fatty acids or other solvents. 
When exposed to vsuiilight or ultraviolet light, the ester is transformed into a color- 
less, transparent, tough mass, soluble in solvents for oils. 

The polymerization of the methacrylates is furthered by heat, light, oxygen and 
peroxides. These resins have extreme ultraviolet transmission and excellent light 
stability.^®® Wave-lengths shorter than 2200A decompose methyl-methacrylate 
vapor, but longer ones polymerize it to a while solid. Once started by light, the 
polymer continues to grow in the dark for several days. This growth is propor- 
tional to the area of the tube irradiated and the pressure of the vapor.^®® 

Furfural resins have a good black color and completely absorb ultraviolet rays. 
By adding a suitable amount of Bakelite resin, they can supply a very fine ebonite- 
like insulating material or an effective coating varnish which protects ebonite from 
ultraviolet rays.^®**^ 

In preparing lacquers in which a resin fast to sunlight or ultraviolet light is 

Fluorescence tests for the identification of resins have been tabulated by Wagner and Rchirmer. 
Wagner. H, and Schirmer, H., Farben Ztg„ 43, 131. 157 (1938); Chem, Ahs., 4361 (1938). 

iw Kamstetter, H., German P. 416,252, Jan. 31, 1923; Brit, Chem. Abs., B, 99 (1926). 

ifliGeisd. W„ German P. 437,646 (1924); Brit. Chem. Abs., B, 452 (1927). 

«»» Shono, T., /. Soc. Chem. Ind. Japan, 30, 143 (1927); see also Chem. Abs., 20, 2729 (1926). 

"“Ellis, C., Chem. Met. Eng., 16, 1928; for the use of a sun lamp in testing the durability of color 
in brightly colored urea resins, see Houwink. R., Trans. Inst. PlasHcs Jnd., 5, No. 9, 16; Chem. Abs., 
30. 390S (1936), 

"“R6hm, O.. German P, 295,340, June 5, 1915; /. Soc. Chem. Ind., 296 (1917). 

"«E- I. du Pont de Nemours & Go.. Ind. Eng. Chem., 28, 1160 (1936); Barrett, H. J., and Strain, 
D. E.. British P. 465,789, May 14, 1937; Chem. Abs., 31, 7444 (1937); Plauson, H.. (Roehm and 
Haas Co.), U. S. P. 2,086,093, July 6, 1937; Chem. Abs., 31, 5811 (1937); Chalmers, W., U. S. K 
2,0S7.468-9. July 20. 1937; Chem. Abs., 31, 6378 (1937). 

Melville. H. W., Proc. Roy. Soc., A163* 511 (1937); Brit. Chem. Abs., 1938A, 261. 

W Ogawa, W., Hanyu, T., and Yanagihashi, T., Researches Electratech. Lab., Tokyo, No. 17 
78 pp. (1926); Chem. Abs. 21, 659 (1927), 
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required, Moss aud White employ synthetic aniline (or other amine) -furfural 
resins, adding these to lacquers containing one or mor^ derivatives of cellulose, 
such as cellulose nitrate, acetate, etc., and a volatile organic solvent, other natural 
or semi-s)mthetic resins, plasticizers, pigments or dyes. Phenol or ketone furfural 
resins also may be used.^^® 

Most of a series of synthetic and natural resins and gums studied by Gamble 
and Stutz tended to decompose in ultraviolet light. This cliange was accom- 
panied by a yellowing and an increase in the ultraviolet absorption coefficients. 
Ester gum was classified as being relatively opaque and also relatively stable to 
these radiations. 

In general, the resinous materials are both more opaque and less sensitive to 
ultraviolet light than are the oleoresinous or nitrocellulose films. Incorporation of 
a resin therefore affords a certain degree of protection to such sensitive materials. 
The most desirable type of resin to use would be one which is both opaque and 
stable to these rays, but there are only a few such resin esters such as Congo, 
manila and rosin. It is also necessary to consider other factors, such as the 
physical and chemical properties of the resin and its resistance to weathering. 
Certain synthetic resins may have a chemical stabilizing action on nitrocellulose 
even though their own ultraviolet aV)sorption characteristics may be undesirable. 
The phenol-formaldehyde, glycerol-phthalic anhydride and coumarone-indene types 
are fairly satisfactory. These all exhibit about the same high opacity, but differ 
in their sensitivity to the ultraviolet, the coumarone-indene group being the most 
readily decomposed. In general, the natural gums and resins are both less sensi- 
tive and more transparent than are tlie synthetic materials. Kauri gum was found 
to be the most stable of the natural resins measured. Vinyl acetate and vinyl 
chloride have high transparency but are considerably decomposed. A mixture of 
polymerized vinyl acetate and chloride is both more opaque and less sensitive than 
vinyl acetate alone. 

With a view to obtaining photographic films more transparent than gelatin to 
the short ultraviolet rays, Dote and Shidei measured the absorption of films 
from solutions of agar agar and of commercial viscose films. The films were more 
transparent than the corresponding solutions, which were themselves more trans- 
parent than gelatin especially in the extreme ultraviolet. 

Minor has employed ultraviolet for bleaching rosin. On the other hand, 
coumarone resin is darkened on exposure to an ultraviolet lamp for three hours 
at a distance of a few inches. 

The solubility of colored resiiiates submitted to the action of light has been 
investigated by des Bancels.^’^ Colored resinates were prepared by treating resin 
with aqueous solutions of alkali hydroxides, adding a suitable coloring matter 
(safranine, rhodamine, etc.) and then precipitating with a salt of zinc or niag> 
nesium. These resinous substances, when dissolved in a volatile solvent, spread 
in a thin layer on glass plates, dried and exposed to a mercury-vapor lamp, became, 

i<»Mo 88, W H, and White B. B., British P. 307,290, 1928, to British Celanese, Ltd.; Chem. At>s., 
23. 5338 (1929). 

i<»Mos 8 W. H., and White, B B., British P. 307,291, 307,289, 1928, to British Celanese, Ltd.; 
Brit, Chem, Abs„ B, 469 (1930). 

Gamble, D. L., and Stutz, G. F. A., Chem., 21, 330 (1929). 

Dote, S.. and Shidei, T., Jaf>an J. Phys^tes, 5, 157 (1929); Bnt Chem Abs„ A, 661 (1930). 
Minor, L. C. U. S. P. 939,733, Nov. 9, 1909; Chem. Ahs., 4, 521 (1910). 

Ellis, C*, and Rahiu(>\it/, L, .L Ind. Eng, Chem., 8, 800 (1916), 

des Bancels, L., Compt, fend., 155^ 280 (1912); /, Chem. Soc., 102 (II), 882 (1912), 
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at the end of a certain time, insoluble in such solvents as benzene, but soluble in 
methyl or ethyl alcohol. 

According to Chinchin,^^® the action of sun and electric rays on rosin causes 
the formation of a more stable form, insoluble in petroleum ether, having a 
different dielectric constant and resulting in a molecular agglomeration.^^® 

The colloidal condition of stearates, palmitates and oleates of copper, aluminum, 
zinc, calcium and other water-insoluble soaps is affected adversely and their solu- 
bility is impaired by ultraviolet irradiation.^^'^ 

Varnishes and Lacquers 

Wolff believed the shrivelling observed to occur in varnishes dried in red 
light due to a slight retardation by the rays of the surface oxidation, and a greater 
retardation of polymerization in the inner layers. In light of shorter wave-lengths 
the processes were thought to proceed at nearly equal rates. Vollmann believes 
the red rays cause an unequal distribution of heat which influences polymerization 
in the inner layers. 

In the laboratory of the senior author, a large number of samples of varnishes 
of various grades have been exposed to ultraviolet rays. The behavior of var- 
nishes varies greatly, depending on the composition. Some samples are bleached, 
others are darkened and still others are very little altered in color. 

In the application and treatment of varnish, Clover conveys the varnished 
articles through a chamber exposed to heat and to light rich in ultraviolet rays. 

Ultraviolet accelerated weathering tests have been extensively used for var- 
nishes, lacquers and enamels. Mougey was unable to find a direct relationship 
between the results of these and of service tests when different types of materials 
were compared. In early tests made by Mougey on black baking fender enamel, 
panels failed on the test rack before they did under direct ultraviolet irradiation. 
When the panels were soaked in water over night and exposed to the ultraviolet 
during the day, they failed in a few days, but the results were of no value unless 
care was taken to remove surface water. Failure occurred in a few minutes at 
the areas where surface water lay on the panels. Finishing varnishes subjected 
to this test usually failed in one cycle, with no relation between the results of 
the test and the durability of the varnish. It was apparent that this test favored 
hard-drying finishes. A rotating wheel type of apparatus was used, half immersed 
in water and rotating at a rate of two revolutions per hour under the ultraviolet 
lamp. In this way the panels supported on the wheel were given time for drainage 
and evaporation of surface moisture and then exposed. A Duco nitrocellulose 
enamel which withstood exposure on the roof test rack for over two years failed 
in two days in this test. A finishing varnish with a life of three months on the 

^leChincbin, I., Bumathnaia Promyshlenost, No. 12 (1924); Ckem. Abs., 19, 2273 (1925). 

For extinction coefficients of crude and bleached Japan wax, see Sakuma, I., and Moraose, I., 
J. Soc. Ckem. Ind. Japan, 38, 218 (1935); Ckem, Abs., 29, 5296 (1935). Crude wax showed a remark- 
able absorption at 6600A. Sunlight bleaching is facilitated by extraction of the pigment with alcohol. 
Sakuma, 1., Momose, I., and Sfaomura, J., J. Soc. Ckem. Ind. Japan, 40, 48 (1937); Ckem. Abs., 31, 
6042 (1937); Sakuma, I., and Momose, 1., J, Soc. Ckem, Ind. Japan, 40, 170 (1937); Ckem. Ahs., 31, 
6495 (1937). 

Jones, H. I.. Ckem. Met. Eng, 28, 489 (1923); J. Soc. Ckem. Ind., 42, 410A (1923). 

^ Wolff, H., Farben Ztg., 24, 1119, 1389 (1919); J. Ckem. Soc., 115, 915A; see, however, Ragg, M., 
Farben Ztg., 24, 1308 (1919). 

Vollmann, H., Farben Ztg., 24, 1427 (1919). 

“0 Clover, G. R., U. S. P. 1,646,010, Oct. 18, 1927; Brit. Ckem, Abjt., B, 916 (1927). 

Mougey, H. C., Ind, Eng, Ckem,, 17, 412 (1925); see also Jenkins, L. D., and Croll, P. R., Ibid., 
19, 1356 (1927), 
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roof test would stand two or three weeks on the wheel* Apparently, there was no 
connection between the results of the test and the life of finishing materials on the 
roof test rack. The results were better when the wheel was continuously rotated 
day and night and the lamp used only during the day. 

Wolff and Zeidler prepared test films of the coating material on a colored 
gelatin film glued on paper strips. When dry, the film was placed with the coated 
side on a glass plate, and the gelatin removed with water at 50® C. It is then tested 
for tensile strength, elasticity and elongation. A kauri varnish film after exposure 
to the light of a quartz lamp showed an increased extension velocity. 

Hansen ^^8 described a very simple and comparatively inexpensive test in which 
panels 2.5X13 cm. are exposed in a shallow pan under a source of ultraviolet light. 
By means of an intermittent siphoning apparatus, the panels are periodically cov- 
ered with water and allowed to dry out. A cycle of one and one-half hours dry 
and one-half hour wet exposure was used, but the method when published had not 
yet been standardized with materials of known characteristics. Tognoni and 
Trolliet report favorable results with the Weather- Ometer.^^^ 

von Miihlendahl and Schulz rotate a vertical wheel partly immersed in 
water, once in fifteen minutes. One day in this test is said to produce results 
closely paralleling one month of weathering. 

An embrittling test for predicting the durability of varnishes was devised by 
Wilson.^*^'^ In it, varnish films on metal strips are exposed to a carbon arc or to 
Mazda lamps at a distance of 15 inches until they are so affected that they crack 
or whiten on bending double at 0 or 22® C. over a 3 mm. rod. The time of expo- 
sure to light required to produce this effect is taken as a measure of durability. 
Levy found that this test, although valuable for classifying good and poor grade 
varnishes, would not rapidly distinguish grades of the newer types of synthetic 
resin coatings. An improvement by which the coatings are applied to surfaces of 
rubber sheeting that can be stretched instead of bent is suggested to make obser- 
vation easier. Snitter used a flexometer in which the test panel is gradually 
bent, the line at which bending is effected being observed under a magnifying glass. 
The angle at which fissuring of the varnish film occurs is noted. He did not find 
that artificial aging methods give results comparable to the effects of exposure 
to the weather.^®® 

Nitrocellulose Lacquers. Particular attention has been devoted to the 
light-stability of the newer types of coatings. Stutz made ultraviolet absorp- 
tion studies of lacquer films, noting particularly the effects of the addition of 
plasticizers and gums. In general, the light penetrates some distance into the film 
before being completely absorbed. Similar data on films of acetylcellulose, both 
pure and plasticized with tritolyl phosphate and />-toluenesulfonanilide have been 

1 * Wolff. H., and Zeidler, G„ Farben Ztg„ 32, 2135, 2708 (1927); Chem. Abs„ 22, 1860 (1928). 

Hansen, H. V., Jnd. Eng. Chem., 20, 1384 (1928). 

Tognoni, C. A., and Trolliet, A. L., Chimie & Industrie, 38, 647 (1937); Chem. Ab$., 32, 3642 
(1938). 

«»von MiiWendaHl, E., and Schnle, H., Z. angew. Chem., 40, 1185 (1927). 

For a description of a wheel developed by the Ditzlcr Co., sec Denham, A. F., Automotive Indus^ 
tries, April 9, 1927. 

Wilson. J. H., Bntetm Standards /. Research, 7, 73 (1931). 

Levy, S. A.» Am. Paint Varnish Mfrs, Assoc, Circular 410, 146 (1932); Chem. Ahs., 26, 3939 
(1932). 

^Snitter, P., Bull, inst, pins, 223 (1933); Chem. Abs., 28, 1554 (1934). 

^See also Martin, R. C., Metal Cleaning and Finishing, 6, 561 (1934), 

^ Stute, G. F. A., Ind. Eng. Chem., 18, 1235 (1926). 
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given by Orlova,^®* Data are reported by Nakashima and Negishi for various 
cellulose films as altered by swelling and softening agents. 

The viscosity of nitrocellulose solutions decreases on exposure to light.^®^ 
The colloidal changes occurring in nitrocellulose collodion with time and under 
the influence of ultraviolet light have been studied by Breguet by fractional 
precipitation of the nitrocellulose by the method of Duclaux and Wollmann, using 
bemenc instead of water to prevent precipitation of the camphor. The weight, 
viscosity and nitrogen content of the various fractions was determined. The 
results were interpreted in terms of the Duclaux theory of the constitution of 
reversible gels as follows : In a collodion the most complex nitrocellulose molecules 
have the greatest tendency to polymerize and swell, and in a nitrocellulose solution 
the solid phase is formed of the largest granules, the cells of which are filled with 
a dispersion of the finer granules of the solvent. The granules of collodion arc 
in equilibrium with the solvent, and in time the cohesion forces of the molecules 
in the granules gradually diminish, and the granules are progressively depolymer- 
ized with resulting decrease in swelling, made evident by decreased viscosity. 
This aging does not proceed indefinitely but tends to a limit which depends on the 
concentration, temperature, and nature of the nitrocellulose collodion. Aging is 
accelerated by heat, light and mechanical treatment. The changes taking place 
in collodion with time are thus due to its changing from an emulsoid to a suspen- 
soid. The general effects of ultraviolet light on celluloid or collodion are to lower 
the viscosities of all fractions and to decrease the total yield of high-viscosity 
nitrocellulose and correspondingly increase the yield of low-viscosity nitrocellulose. 

Branchen and Prachel proposed to make practical application of the ability 
of ultraviolet light to reduce the viscosity of an acetone solution of cellulose acetate 
in the presence of a fatty acid, preferably formic or acetic. In fifty hours a vis- 
cosity ranging from one-half to one-fifteenth that of the original value may be 
obtained. 

During degradation by ultraviolet rays the tensile strength of cellulose acetate 
films with the same acetyl numbers varies as the viscosity. The stretch varies 
similarly but to a greater degree.^^’’^ During this form of aging of a film base, 
there is associated with the depolymerization of the ester (shown by the decrease 
in viscosity) an increase in brittleness and a yellowing.^ 

When employed in layers in safety glass, nitrocellulose has been found to be 
light-sensitive, decomposing on prolonged exposure to light. Cellulose acetate 
promised better results as it is more stable, but it is still not ideal for the inter- 
mediate layer.^®® 

It has been claimed that the instability toward light of nitrocellulose films 
depends on impurities introduced during preparation.^^® The most harmful impuri- 

Orlova. O, V.. /. Tech. Physics, U.SS.R., 4, 1170 (1934); Chem. Abs„ 29, 8321 (1935). 

Nakafihfma, T., and Ncjg-ishi, M., I. Soc, Chem. Jnd. Japan, 39, Suppl, binding, 102, 104 (1936); 
Ch^m. Ahs.. 30. 5407 (1936). 

J. W., Harvey, c. E., and Smith, L. E., J. Phys. Chem., 30, 312 (1926); Chem. Abs., 
20. 1741 (1926). 

^Breguet, A., Pcv. gen. rollotdes, 3, 200, 230 (1925); Chem. Abs., 19, 3590 (1925). Sec also 
Rogovin, 2. A., and Glazman, S., /. Gen Chem. (U.S.S.R.), 8, 498 (1938); Chem. Abs., 32, 7260 (1938). 

Branchen, L. E., and Prachel, C. U., U. S. P, 1,658,368, Feb. 7, 1928, to Eastman Kodak Co.; 
Chem. Abs.. 22. 1237 (1928). 

^^Grard, J., Bull. sac. chim., 53, 1308 (1933); Chem. Abs., 28, 4222 (1934). 

Kozlov, P. V.. and Zueva, R. V., Photo-Kina Chem. Ind. (U.S,S.R.), No. 5, 14, 1935; Chem. 
Abs., 30, 4107 (1936). 

Ellis, C., Chem. Met. Eng., 16 (1928). 

** i^Mindlin, S. S., Zerdovich, P. Y., Kaplan, M. Y., Kuz'mina, I4. I., and Rcmeniiikova, V, S., 
PlasHcheskuf Massni. No. 4, 4, 1934; Chem. Abs., 29, 3154 (1935), 
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tics are ferrous salts, ferric salts being less so. Extraction of tbe nitrocellulose 
with hydrochloric acid can remove most of the iron salts. Decomposition products 
of cellulose, organic acids, aldehydes and sodium hypobhlorite used for bleachiiig 
have no effect, but copper salts are also harmful. The photochemical stability is 
independent of the temperature of nitration and the thermal stability. 

Callahan stated that a clear film of cellulose nitrate exposed to the ultra- 
violet rays of the sun^s spectrum for only a few days becomes so brittle that it will 
not stand bending without cracking. The use of oils and plasticizers will extend 
this life but eventually failure will occur. However, if such a film is protected 
from the sun's rays by the use of opaque pigments, particularly when the film is 
applied to a rigid surface such as steel, almost indefinite resistance to sunlight 
will result. Scheiber attributes the brittleness produced by light to the possi- 
bility of crystallization of the cellulose esters. In the absence of pigment, plasti- 
cizer and resin, ultraviolet light causes in nitrocellulose films a yellowing when 
wetted by lO-per cent sodiui?! hydroxide, an increase in the wettability by water 
and ethyl acetate, an acid reaction and an unpleasant odor. The changes may be 
the result of saponification following the production of free organic acids.^^^ 
Kraus believes that the degree of yellowing in nitrocellulose lacquers depends 
on the nature and concentration of the plasticizer as well as on the exposure.^^® 

It has been found that the absolute intensity of yellowing of nitrocellulose 
films with 33.3 per cent tritolyl phosphate as plasticizer, when exposed to a mer- 
cury arc, was greater for 135/z films than for films. But when expressed as 
amount of yellowing per unit thickness, the change was greater in the thinner films. 
The amount of additional yellowing decreases for each added increment of time. 

Kraus finds that ultraviolet greatly impairs the plasticity imparted to nitro- 
cellulose by butyl oleate or benzyl stearate. Palatinol AS and Palatinol L are 
superior. Irradiation caused strong yellowing with Toplast, somewhat less with 
benzyl stearate and very little w ith Palatinol AS, Palatinol L and butyl oleate. 

Nishizawa follows the rate of decomposition of nitrocellulose by light by 
determining nitrogen dioxide with a-naphthylaniine. Kiaus, however, did not 
believe the destruction of the film to be simply related to either the degree of 
denitration or to the loss of the solubility in acetone. Altliougli the ability of the 
plasticizers to combine with the nitrogen decomposition products had an influence 
on the characteristics, direct relations could not be discerned. 

Attempts have been made to increase the stability of nitrocellulose films to sun- 
light, t.c., to decrease their chalking, by the introduction of pigments, McKim 
prepared a clear cotton solution and in this ground a small amount of zinc oxide to 
determine whether a pigment opaque to ultraviolet light exerted a protective 

Callahan, M. J., Chem. & Industry, 47, 34, 236T (1928). 

Scheiber, J., Farbe und Lack, 190 (1928); Chem. Ahs., 22, 3054 (1928). 

Beutcl, E., and Kutzelnigg, A., Farbe und Lack, 351 (1934); Brit. Chem. Ahs., B, 804 (1934); 
see also Gloor, W. E., Ind. Bng. Chem., 23, 980 (1931). 

Kraus, A., Paint Varntsh Production Mfr., 13, 16, 18 (1935); Chem. Abs., 30, 307 (1936); 
Farbe und Lark, 545, 556 (1935); Chem. Abs., 28, 891 (1934). 

A general discussion of the aging of oil, gum, resin and cellulose derivatives under the influence 
of light and air and of the effects of pigments upon it has been given by Nauioy, A., 14 Congr. chim. 
ind. Paris (Oct. 1934); Chem. Abs, 29, 6443 (1935). Note also Rosenthal, L, and Schultze, G., 
Farben-'Chem,, 53 (Feb., 1934); Synthetic and Applied Finishes, 65 (June, 1934). 

Communication Hi from the Untcrsuchungs-und Forechungs Laboratorium fur Lacke uud Far- 
ben, Berlin, Farhen-Ztg., 42, 667 (1937); Chem. Abs., 31, 8960 (1937); Wolff, H„ and Zeidler, G., 
Paint Varnish Production Mfr., 17, 7, 10 (Sept., 1938); Chem. Abs., 32, 7162 (1938), 

Kraus, A., Farbe und Lack, 269 (1938); Chem. Abs., 32, 8806 (1938). 

Nishizawa, Y., /. Chem. Soc. Japan, 50, 258, 327, 391 (1929); Chem. Abs, 25, 5627 (1931). 

“•McKim, W. A., Ind. Eng. Chem., 18, 1239 (1926); de Waele, A., J. Soc. Dyers Colourists, 43, 
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action. The reduction in distensibility produced by an ultraviolet exposure, which 
in the clear film caused a destruction of 100 per cent, was in this way reduced to 
but 60 per cent. The breaking strength of the clear film increased from 9 to 18 
units and in the pigmented film from 30 to 36, 

For the protection of automobile finishes, Denham found a fairly large 
amount of pigment necessary, Although opaque colors in general stood up better 
than those of lower opacity, some, notably the Para toners, did not furnish as much 
protection. Although more opaque than madder lakes, they made up into less 
durable lacquers. White pigments (titanium, lithopone, zinc oxide) are very 
durable but zinc sulfide is undesirable, since it turns brown on exposure. Ultra- 
marine lacks durability, since it does not provide protection against actinic rays. 
Of true lake colors, alizarin pigments produce the most durable so-called lake 
colors in pyroxylin lacquers. Since they have poor covering qualities, they must 
be strengthened with other materials which detract from durability. 

In discussing accelerated weathering of lacquer enamels, Nelson noted that 
it is possible to produce such failures as hair-line checking by increasing the 
oxygen content of the air in the light-exposure chamber and by including periodic 
exposure to humid air containing sulfur dioxide and carbon dioxide. He believed 
the relative ratings of a series of nitrocellulose lacquers in this test agreed reason- 
ably well with outdoor exposure ratings. 

Pigmented enamels made with cottons of higher viscosity showed greater dura- 
bility and greater tensile strength and distensibility than those made with 0.5-second 
cotton. This may be due to the longer fibers used in the production of the cottons 
of higher viscosity, or to the freedom from suspended matter usually present in 
the solutions of the latter. Greater durability resulted from a ternary mixture 
containing 50 per cent of 0.5 -second cotton, 24 per cent of 4-second cotton and 
26 per cent of leather dope. The last by itself showed the poorest durability of 
all the cottons tested. 

In weathering, light-colored enamels containing 19.5 per cent of 0.5-second 
cotton yellowed more than those containing 16 per cent of the same cotton; the 
former, containing pigment transparent to ultraviolet light, were more durable 
than the latter, but with pigments opaque to ultraviolet light, the enamels con- 
taining the lower cotton content were the more durable. Increasing the gum 
content from 1.5 to 3 per cent decreased durability and increased gloss when 
dammar gum was used, but with ester gum both these properties were increased. 
Comparative tests of tricresyl phosphate and triphenyl phosphate showed little 
preference except when the tests were run at 48'^C., when the films containing the 
latter rapidly became weak and brittle, apparently as a result of crystallization of 
the plasticizer. The addition of clear lacquer to a pigmented lacquer in the 
finishing coats, or a finishing coat of clear lacquer or of varnish, always decreased 
the durability of the pigmented lacquer job. A wax finish stands up better than 
a buff finish. 

Von Muhlendahl and Schulz i®- studied the influence of plasticizers on nitro- 
cellulose under the influence of light and heat, judging it from the color of a 
mixture of equal amounts of the two products when heated to lOO^^C. or exposed 
to the rays of a quartz lamp. 

According to Merz,i®® weathering under a carbon arc, and the results of a 

m Dcnhatn, A. F„ Automotive Industries, S€, 544 (1927). 

waNdaon, H, A., Can. Chem. Met,, 10, 11 (1926); Chem, Abs., 20, 995 (1926), 

; 3^ Von Mnhtendatil, £., aod Schulz, H., Farbe und Lack. Z76 (1927); Ckem. Abs., 22, 3055 (1928). 

«*Merz. O,. Farhen Ztg., 36, 316, 362 (1930); Chem. Abs., 25, 608 (1930). 
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bakmg-bendmgr test of a series of red, white and black lacquers with varying 
quantities of ester gum, gave the best correlation with outside weathering. 

Studies of the ultraviolet light absorption by lacquer films and their constituents 
indicated that within the range present in sunlight, all of the absorption by an 
ordinary lacquer is due to ester gum with lesser absorption by such plasticizers 
as tricresyl phosphate and castor oil.^®^ The failure of ordinary lacquer films is 
ascribed to excited ester gum molecules transferring their energy to neighboring 
nitrocellulose molecules. Avoidance of the use of ingredients opaque to the ultra* 
violet of sunlight should improve the light resistance. In general agreement with 
this, Miinztnger observed that nitrocellulose films containing 29 different soften- 
eis were all more sensitive than the nitrocellulose alone. Castor oil and tritolyl 
phosphate caused the greatest and glycol monomethylplithalate the least alteration 
on exposure. Miinzinger also tabulated the changes in fluorescence colors result- 
ing from the exposure. 

The Elektrizitatswerk Lonza produces a varnish containing diphenylaminc 
to retard the absorption of ultraviolet light by nitrocellulose films. 

Dykstra^®*^ uses crotyl cellulose or allyl cellulose and a drier, such as cobalt 
oleate, for lacquers which may be baked. Ultraviolet light may be used for 
insolubilizing the films of crotyl cellulose. Ethylcellulose films approximate acetyl- 
cellulose films in transparency and light resistance. Prolonged exposure of ethyl- 
cellulose films to ultraviolet light at high temperatures depolymerizes the cellulose 
molecule with lowering of the viscosity.^®® 

Since the cellulose acetate lacquers are more resistant to light than cellulose 
nitrate lacquers, it has been proposed to coat the latter with the former,^®® How- 
ever, cellulose acetate does not absorb the rays which decompose the nitrate in the 
lower layers so that such protection is not complete. To overcome this, many 
additions to the cellulose acetate layer have been suggested to render them opaque. 
The addition of 7 oz. of stannic acid per gallon has been proposed for use in pro- 
tective coatings for airplane wings by Doerflinger. In the prepaiation of an 
actinism-proof cellulose ester composition, Clewell coats transparent sheets of 
pyroxylin on both sides with a colorless transparent oil-resin varnish, e.g,, a copal- 
linseed oil mixture impervious to ultraviolet light. 

In the cellulose acetate of other overcoatings, Stand and Murray use about 
2 per cent of phthalic acid neutral esters of monoelhers of hydroquinone and their 
homologs. In the production of laminated glass, two layers of overcoating are 
placed on each side of the cellulose nitrate film which is then incorporated between 
two sheets of glass. (It was also claimed that crystallization within the cellulose 
ester sheets produced beautiful effects and that such materials might be useful in 
the manufacture of toilet articles, novelties, etc.) 

Many other organic substances have been proposed for this purpose, including 
polycyclic hydrocarbons or their derivatives, such as phenanthrenc, naphthalene, 

Davey, W* P,, Duncan, D. C., and Wiggam, D. R., Phys. 35, 1423 (1930) ; Jnd, Enff. Chem,, 
23. 904 (1931). 

Munzingcr, W. M., Chem. Ztej , 56, 851 (1932). 

^ Swiss P. 128,476, May 25, 1927, to Elektrizitatswerk Lonza; Chem, Abe., 23, 2840 (1939), 

le^Dykstra, H. B., U. S. P. 1,920,297, Aug, 1, 1933; Chem. Abs., 27, 4943 (1933). 

Ushakov, S. N., Shneer, I. M,, Demina, E. N., and Ijboldina, Rev, gin. mat, plastiques, 13, 
341 (1937); Chem, Abs., 32, 3603 (1938). 

“•Application of Steel, P. C, U. S. Serial No. 425, 353. Cited by Staud. C. J., and Murray, T. F., 
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chloronaphthalene, anthracene or /r-amino-benzoic acid, phthalimide, nitroanisole, 
nitrobenzene, quinaldine, benzyl benzoate, glycefol butyl phthalate and jS-methoxy- 
methyl phthalate, dibenzofuran, diphenylbenzene, diphenylguanidine, xanthydrol or 
phthalaniL^^^ 

Vanadium, cerium or titanium salts of a half ester of phthalic acid,^®^ as well 
as triphenyl compounds of antimony or bismuth have also been suggested for this 
purpose.^®'* Dreyfus used a topcoat of phcnol’-furfural resin. This resin film 
is dried and convened to the insoluble, infusible state by baking, exposure to sun- 
light or ultraviolet light. Bradshaw incorporates an iron or cobalt salt of 
naphthenic acid or a resin acid. Organic or inorganic compounds of copper may 
be added to purified benzylcellulosc used as a basis for transparent films, sheets or 
plastics to render them resistant to the action of light and heat.*®^ 

According to Cofman and de Vore,^^^ the wave-length most effective per quan- 
tum absorbed in causing the acid decomposition of nitrocellulose is about 3 100 A. 
It was to prevent the passage of this wave-length that most of the materials listed 
above were introduced. The observation by Rayleigh that celluloid containing 
malachite green becomes red when exposed to sunlight may be explained as due 
to the action of the liberated nitrogen oxides on the dye. Trevy finds the light- 
yellowing of celluloid films most intense under wave-lengths between 3000 and 
3500A.^'^® Traces of metals may increase the yellowing. Duropben lacquer 218 V 
the firm of Kurt Albert is completely opaque to ultraviolet light of wave-lengths 
shorter than 4000A even in thin layers. In the visible range, it transmits light 
increasingly toward the red end of the spectrum.^ 

"OBritiBh P. 371,901, Oct. 24. 1930, to Eastman Kwlak Co.; Chem. Ahs., 27, 3 0 94 (1933); Stand, 
C. J., U. S. P. 1.958,683; Chem. Abs., 28, 4614 (1934); Murray, T F., U. S P. 1,958,711; Chem. 
Ahs., 28, 4615 (1934); U. S. P. 1,976,359; Chem. Abs., 28, 75 62 (1934): Canadian P. 339,837, March 6, 
1934; U. S. Patent 2,043,805; Richardson, E., and Stand, C J., U. S. P. 1,958,714*5, British Chem 
Abs., B, 278 (1935); U. S, P. 2.017,165; Brit. Chem Abs., B, 1109 (1936); Stand, C. J., and Mur- 
ray, T. F.. U. S. P., 1,994.596; Chem. Ahs., 29, 3182 (1935); Kocher, N. S., U, S. P., 1,973,488; Chem. 
Abs., 28. 7043 (1934). 
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Chapter 31 
Rubber 

The absorption of ultraviolet radiations by rubber dissolved in pure hexahydro- 
toluene has been studied by Scheibe and Pummerer.^ (See Figure 127,) Of samples 
of rubber from latex treated with alkali, rubber from non-coagulated latex, and ‘‘sol- 
rubber,” the curves of the latter were believed most closely to approximate the 
absorption of rubber hydrocarbon. Gutta-percha ga\e a curve of similar type. Kroger 
and Staude ^ found that isoprenc and various samples of rubber exhibit only contin- 
uous absorption. Synthetic rubber made from isoprene is more transparent than iso- 
prene itself in the same thickness. The transparency of both synthetic and natural 
rubber increases with stretching,^ presumably on account of some molecular change. 
Rubber vulcanized with sulfur chloride is much less transparent.** 

Polymerization and Depolymerization 

Deresinized, colorless gutta-percha on exposure to ultraviolet light becomes 
more opacjue and brittle, altliough still completely soluble in benzene.*^ This change 
has been assumed to be due to a transformation into a crystalline form, the 
existence of which has been demonstrated microscopically. Kirchhof ® states that 
experiments by Porritt indicated that a benzene solution of rubber slowly changes 
to a gel on exposure to ultraviolet light. Kirchhof found that this could be 
observed only in a very small volume of solution. With larger volumes depol}mer- 
ization apparently occurred with a lowering of the viscosity. There have been 
many subsequent observations of the reduction of the viscosity of rubber sols by 
ultraviolet light.® 

During tliis alteration of the viscosity of crude rubber solutions, the molecular 
polarization is not markedly affected, according to Kambara.^ Garner found that 
the reduction in viscosity during irradiation occurred particularly in solutions from 
which oxygen was excluded. On evaporation, there was o!)tained a depolymerized 
rubber which readily absorbed oxygen. Ordinarily, however, light and air cause 
both an oxidation and an increase in tackiness as judged by changes in viscosity. 
Garner concluded that the effect of light is partly polymerization and partly 
depolymerization. The latter predominates in an ordinary atmosphere. In nitro- 
gen with but little oxygen, the rubber is in part rendered insoluble. The relative 
effects of various antioxidants in retarding the decrease in viscosity of irradiated 

1 Scheibe, G, and Pummercr, R., Ber,, 60, 2163 (1927), 

® KrSger, M., and Staude, 11. , Gutntni-Ztg,, 43, 22 (1928); Chetn. Abs., 23, 306 (1929). 

s For x-ray data on crystals in stretched rubber, sec Oark, G. L., Jnd hng. Chem., 18, 1131 (1926). 

^ For the Raman spectrum of rubber, sec Gehman, S. D , J. Am. C/te?n. Soc,, 57, 1382 (1935). 

® Kirchhof, F., Kautschuk, 4, 254 (1928); Chem. Abs., 23, 1525 (1929). 

•Kirchhof, F.. Kautschuk, 28, 1927; Chem. Abs., 21, 1377 (1927). 

^Porritt, B. D., India Rubber J., 60, 1159 (1920); Chem Abs, 15, 1230 (1921). 
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rubber stands in no simple relation to their effects on actual oxidation. By favor- 
ing the formation of an insoluble polymer on the surface of exposed rubber, anti- 
oxidants may, indeed, accelerate the loss of surface tackiness. 



Figure 127. 

Absorption of Latex, Sol- 
Rubber and Related Compounds 
(Scheibe and Pummerer, 
Berichte dcr deutschen Chem- 
ischen Gesellschaft) , 


1. Diallyl 

2. Trimcthylethyleiie 

3. Dimcthylbutadiene 

4. Latex purified with NaOH and 

coagulated 

5 Latex, uncoagulated 

6. Latex, purified with NaOH 

7. Sol rubber 

8. Isoprene 


Mojen found that no change in the viscosity of ordinary rubber solutions 
containing monochloracetic acid occurs in light when oxygen is rigorously excluded. 
The same was true also of balata solutions containing acetic acid or its chlorine 
substitution products. But with oxygen present, the rubber sols changed to an 
insoluble product even in darkness. The protective power of the natural anti- 
oxidants, which are probably basic, is destroyed when they are combined with acids. 
A benzene solution of purified gutta-percha irradiated in an atmosphere of hydro- 
gen gave on evaporation a white, unctuous, fragile product which melted to a 
limpid oil at 90®C. On cooling, the latter gave a tough product like the original 
gutta-percha, so that heating was assumed to have destroyed the crystalline struc- 

k 
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ture. The meltings point o£ the microcrystals of the irradiated material was believed 
to be lower than that of the crystals which are obtained in films formed by evapp- 
ration of nonirradiated solutions. The product left after the evaporation of the 
benzene from an irradiated solution redissolved to a clear solution in benzene, if the 
irradiation is conducted in hydrogfen; but irradiation of a film with air present 
gives a product which is partly insoluble. Such effects are not observed in the 
case of rubber. The different behavior of gutta-percha is ascribed to its higher 
state of polymerization. 

No change in the unsaturation of a l-per cent solution of pale crepe rubber can 
be detected by a modified Wijs method after irradiation under carbon dioxide in a 
quartz flask for 28 to 45 hours by a quartz mercury-vapor arc.^^ 

The ultraviolet radiations present in sunlight tend to polymerize rubber, iso- 
prene and styrene, especially in the presence of sensitizers (compare the cinnamic 
acids, Chapter 25).^^ Ether solutions of rubber under nitrogen in scaled tubes 
generally gelatinize when exposed to sunlight, but the length of time required, 
sometimes weeks, varies so greatly that this is not a practicable method of bring- 
ing about gelation. The light rubber obtained by evaporating the ether gel is 
entirely insoluble in ether if the illumination has been sufficiently prolonged. On 
milling rolls, it gradually becomes ether-soluble again, but it differs from gel 
rubber in that the addition of diethylamine, piperidine, etc. does not make it ether- 
soluble. Its iodine number is 94 to 98 per cent of that of the original sol rubber. 
Apparently the chemical effect of the irradiation is a polymerization involving 
only from 2 to 6 per cent of the double bonds. The gelation can be regulated 
and reproduced at will by the use of various sensitizers containing a carbonyl 
group. With eosin, gelation can be demonstrated in about ten minutes in quartz 
under a mercury arc, and even 0.2 per cent solutions of rubber in carbon tetra- 
chloride can be made to gel. It is the longer wave lengths between 2800 and 
3 ISO A which are believed effective. Methylene blue and malachite gfcen offered 
no advantages over eosin. Diphenylketone (3150 to 4000A) and benzanthrone 
(3150 to 4200A) are also effective. Benzaldehyde also produces gelation, but with 
it and with acetaldehyde the conditions do not seem as simple as with the ketones. 
Methylbenzyl oxide proved to be moderately effective, but aliphatic esters and such 
colored hydrocarbons as perylene had no action. The same sensitizers also bring 
about the gelation of liquid isoprene and isoprene emulsions in soap solutions in 
glass. The resulting isoprene rubbers give iodine numbers of 94 to 99 per cent 
of the theoretical, but with evolution of considerable quantities of hydrogen iodide. 

Liquid styrene is readily polymerized to solid styrene resin in glass in the 
presence of sensitizers in several days of exposure to a 200-watt lamp at room 
temperature. In the presence of diphenyl ketone or benzanthrone at 60-70® C. and 
with a 500-watt lamp, the change is complete in a few hours. The reaction pro- 
ceeds two to three times as rapidly under cylinder nitrogen containing some oxygen 
as it does under pure nitrogen. Since it is oxygen in the gas phase that is 
effective, it may be assumed that gelation begins at the gas-liquid interface. Such 
antioxidants as hydroquinone inhibit the reaction. The presence of ‘^active oxygen*' 
during the irradiation of diphenyl ketone, phenylmethyl ketone and even of diethyl 
ketone was shown by means of a benzidine-sodium chloride solution. Iron com- 
pounds (ferric chloride, ferric acetyl acetonate, iron pentacarbonyl ) do not accel- 
erate the photogelation of rubber solutions. Kirchhof also noted that when a 

« Fisher, H. L., and Gray. A. K, Ind. Eng, them., 18, 414 <1926). 

^•Fummerer, R., and Kehlen, Bar., 6<iB, 1107 (1933); Chm, Abt., 27, 6018 (1933). 
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benzene solution of phosphorus is added to a rubber solution before exposure, 
irradiation produces a gel similar to that produced with dilute sulfur chloride* This 
gel is formed even in rubber solutions which have previously been depolytnerized 
by light* If rubber-phosphorus solution which has been exposed to light but not 
gelatinized is evaporated and extracted with acetone, the resulting rubber is similar 
in physical properties to rubber vulcanized with sulfur chloride. Similarly treated 
samples in which no phosphorus had been added gave only a weak, tacky product. 
There is no change apparent in phosphorus-containing benzene solutions of rubber 
exposed in carbon dioxide to daylight at 70-75*^ Without rubber present, ben- 
zene solutions of yellow phosphorus deposit red phosphorus on exposure to ultra- 
violet light or to sunlight, but rubber has a protective action so that in its presence 
this reaction does not occur. The phosphorus photovulcanization occurring in 
rubber solutions in ultraviolet light resembles sulfur vulcanization in that gel for- 
mation is greatly accelerated by zinc xanthate. 

In latex, polymerization by quinonc is readily aided by irradiation.’^ At 90° C, 
air causes depolynierization, even in light. When p(^rtions of quinone and latex 
were irradiated separately and mixed in darkness, no enhanced polymerization 
resulted. It also does not result from the irradiation of latex alone. The photo- 
chemical polymerization is not inhibited by an excess of hydroquinone, but it is 
greatly reduced by an excess of a dark brown oxidation product of quinone, which 
may compete in absorbing the effective light. When a solution of rubber in ben- 
zene containing quinone is irradiated in the presence of air, there is marked 
depolymerization at room temperature, but irradiation at — 80°C. leads to enhanced 
polymerization. 

The addition of an inorganic cobalt salt or of cobalt resinate to a benzene 
solution of rubber causes rapid depolymerization, which is accelerated by air and 
Hght.^® The effects of many antioxidants and accelerators upon the development of 
tackiness in rubber when exposed to a General Electric S-1 lamp have been deter- 
mined by Blake and Bruce. 

Irradiation of chloroprene by the 2537 A line leads, after a long induction period, 
to a polymerization in the condensed phase. A dark polymerization subsequently 
ensues,’^® Butadiene shows little tendency toward photopolymerization and the 
quantum yield in the mercury-sensitized reaction is only unity. This compound 
admixed with methyl methacrylate inhibits the photopolymerization of the latter, 
which in the absence of this inhibitor has a quantum yield of about one hundred. 

No indication of a cis-trans transformation by ultraviolet could be found by 
Meyer and Ferri,i^ although they state that light effects a kind of vulcanization^^ 
by irregular polymerization. When solutions of 1 g. and 2.5 g, of coagulated latex 
in 100 cc. of cyclohexane were irradiated in a quartz flask in oxygen for ten hours 
at 5 cm. from a 300- watt quartz mercury arc, elastic gels insoluble in solvents 
were formed. These were similar to products obtainable by the addition of small 
amounts of sulfur chloride. Dry gels formed in the absence of oxygen had the 
mechanical properties of a feebly vulcanized rubber. It is believed that in such 
gels, the original rubber hydrocarbon chains are oriented in a three-dimensional 

« Spence, P., and Ferry, J. D., 7. Am. Chem. Sac., 59 , t64B (1937). 

Krauz, C., and Franta, I., Rubber Tech. Conf., London, Preprint No. IS (May, 1938); Chem. 
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Blake, J. T., and Bruce, P. L., Rubber Tech. Conf., London, Preprint No. 21 (May, 1938); 
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i^Bolland, J- L,., and Melville, H, W., Rubber Tech. Conf., London, Preprint No. 90, May, 1938; 
-Cfem. Abs., 32, 8396 (1938). 

Meyer, K. H.. and Fcrri, C., Helv, Chim. Acta, 19 , 694 (1936); Chem. Ahs., 30, 6601 (1936); 
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ijetwork through the establishment of valence bonds transversely and between the 
double bonds. 

It has been observed that gasoline rubber cements exposed to sunlight in glass 
in most cases became solvent-thin, although in a few cases gels formed,^® Carbon 
tetrachloride cements all formed rigid gels. The behavior of the latter is ascribed 
to a curing by ultraviolet light and by chlorine resulting from decomposition of the 
solvent Similar results were obtained at a slower rate in diffused light. Protection 
of the gasoline cements by red filters greatly prolonged the time required for them 
to thin. The higher the rubber content of a cement, the smaller is the change 
in its viscosity. 

Vulcanization 

Victor Henri is credited by Helbronner with having used ultraviolet rays as 
early as 1909-10 for the vulcanization of films made from solutions of rubber. 
Rubber solutions vulcanized by ultraviolet are stated by Helbronner to be 
insoluble in the original solvent after they have been dried. Bernstein 22 proposed 
vulcanizing rubber solutions containing sulfur by exposing them to the action of 
ultraviolet rays produced by a quartz mercury- vapor lamp, the solutions being 
spread on a moving metallic ribbon. A solution of rubber in benzene containing 
6 per cent of rubber, and sulfur equal to 10 per cent of the rubber, when exposed 
in a film 0.5 mm. thick required forty to fifty seconds for vulcanization. Ordinary 
or high temperatures, pressure or vacuum, air or inert gas atmospheres, may be 
used. Bernstein evaporated a xylene solution of Hevea plantation rubber with 
6 per cent of sulfur to a thin film on a transparent quartz plate and covered it 
with another quartz plate. This was exposed on both sides for forty minutes at a 
distance of 15 cm. to the rays from a Heraeus lamp of three amperes and 110 
volts. The film then possessed the properties of vulcanized rubber and contained 
2.56 per cent of combined sulfur. Other experiments sho^Ncd that the percentage 
of combined sulfur increased with the time of exposure to the rays. Tlie deteriora- 
tion of vulcanized rubber on exposure to ultraviolet rays, observed by Henri, is 
considered to be chiefly due to ‘^after- vulcanization.” Stern states that the 
vulcanization is accompanied by some depolymerization. Ostromuislcnski 
believed that, in the absence of air, the rays activate sulfur by converting it into 
thiozone. The vulcanization is then affected partly by the latter and partly by the 
ozone formed simultaneously.^^ 

According to Pohle,^"^ irradiation of a supersaturated solution of sulfur in rubber, 
prepared by heating, results in separation of the sulfur. The effect, which is due 
to the violet and blue rays, can be followed ultraniicroscopically by a quartz ultra- 
condenser. The number of particles depends on the intensity of the light and on 
the time of exposure. Long exposures or high intensities give dense, fine, blue 

3 ® Novotny, C. K., Ind. Eng. Chem., 26, 170 (1934). 

Helbronner, A., India Rubber World, 130 (1914); note also Compt. rend., 138, 1343 (1914); 
Chem. Zentralbl, 326, (1914); Kolloid Z., 4, (1913); French P. 460,780, July 26, 1913. 

8* Bernstein. G.. British P. 17,195, July 26, 1913; U. S. P. 1,240.116, Sept. 11, 1917. 

8® Bernstein, G., J. Frank. Inst.. 345, 1913. Note also Helbronner, A., and Bernstem, G.. Rubber 
Ind., 156 (1914); Caoutchouc et Gutta-Percha, 12, 8720 (1915). Green, H., Ind. Eng. Chem., 17, 
802 (1925) has used the ultraviolet microscope in connection with a study of vulcanized latex globules; 
see also Lucas. F. F.. [Ind. Eng. Chem., 30, 146 (1938)1 for o!>scrvations on untreated latex. Note 
also Gray, G. W., Technology Rev., 40, 172, 188, 190, 192 (1938). 

9* Stern, E., Chem. Ztg., Rep. 422 (1913). 

8® Ostromuislenski, I. I., I, Russian Phys. Chem. Soc., 47 1 1892-1898 (1915); J. Soc. Chem. Ind*, 
370 (1916). 

** Mcycringh, I), J., and Wijnand, P. C., British P, 208,167, t)ec. 24, 1924; Chem, Abs., IS, 
1589 (1924). 

»^Pohle, H., Naturwiss,, 15, 162 (1927); Chem* Abs., 21, 1904 (1927). 
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disp($rsed fogs and short exposures give a smaller number of more rapidly growing 
droplets. The smallest efifect, one to five particles, resulted from an exposure of 
.01 second to a 5-ampere lamp. The sulfur particles are apparently liquid. The 
sensitivity to light is diminished by the presence of substances which absorb blue 
or violet rays. The sulfur then appears only at the surface. This effect of light 
is also inhibited by even the slightest vulcanization of the rubber, and it can there- 
fore serve as an indication of the vulcanization process. The effect is observed 
as far below the surface as the light penetrates. 

During the vulcanization of rubber by phosphorus in ultraviolet light, there 
appear after prolonged illumination of the optically empty rubber-phosphorus- 
benzene system, glistening phosphorus particles 0.5 to 2.1 p, in diameter.^® This 
formation of nuclei by ultraviolet has its analogy in the transformation of yellow 
to red phosphorus. A similar turbidity appeared on ultraviolet illumination of a 
carbon disulfide solution of sulfur containing piperidine pentamethylenedithio- 
carbamate. 

Kirchhof also states that vulcanization of rubber in ultraviolet light by tri- 
nitrobenzene or picric acid, especially the former, yields results comparable with 
those of cold vulcanization. These products, like ordinary vulcanizates, show 
strong absorption of ultraviolet radiations. 

In producing lustrous spread rubberized material, Ditmar spreads the material 
in the usual way with a benzene solution of a mixture containing crepe rubber 
100 parts, colloidal sulfur 3.5 parts, tetramethylthiuramdisulfide 2 parts, Sulzin 
zinc sulfate-5 NH3), 7 parts, anhydrous sodium thiosulfate 2 parts, selenium 
red 1.8 parts and titanium oxide 2 parts. It is then led directly under a battery 
of quartz mercury lamps, the exposure being for five minutes at a distance of 
8 cm. Complete vulcanization results with the production of a non-tacky rubber 
surface of high lustre. 

It was necessary to carry out the process of Bernstein in an inert gas or 
in vacuo to prevent oxidation by the ozone. But when tetramethylthiuramdisulfide 
is used as an accelerator to minimize the curing time and exposure, and with 
selenium red as a protective agent, it is possible to cure the spread material in air. 
Ditmar®^ also showed that ultraviolet radiation has itself an oxidizing action on 
accelerated rubber mixtures which predominates over the vulcanization. There- 
fore, from a practical point of view, satisfactory vulcanization is possible only when 
a red or yellow protective pigment, such as selenium red, is added. With an acti- 
vator like zinc oxide present in an accelerated mixture, ultraviolet radiation brings 
about vulcanization in a short time. The duration of the exposure must be care- 
fully controlled to prevent oxidation, under-curing or over-curing. Ultraviolet 
radiation has the most favorable effect on rubber mixtures accelerated by tetra- 
mcthylthiuramdisulfide and containing an activator. Surface vulcanization is com- 
plete in four and a half minutes without oxidation even in the absence of a pro- 
tective red pigment. 

Surface vulcanization by light is regarded as a true vulcanization process since it 
has been proved that sulfur must be present. It is believed that the sulfur is acti- 
vated by the radiation and then enters into reaction with the rubber.^^ Ditmar and 

*» Kirchhof. F., Kautschuk, 184 (1927); Ch^m, Abs„ 21, 2819 (1927). 

ao Kirchhof, F.. GttmmuZtg., 44, 252 (1929); Ckem. Abs,, 24, 750 (1930). 

«» Ditmar, K.. 43, 1172 (1929) t Brit, Ckem, Abs,, B, 294 (1929); Chem, Aba., 23, 

2602 (1929). 

» Bernstein, G., German P. 262,708, 1912. 

Ditmar, R., Gummi-Ztg,, 43, 1172, 2325 (1929); Chem, Aba., 23, 2602, 4374 (1929). 

wDitmai, R„ and Gifiofald, O., Cumtm-^Ztg., 43, 2801, 2859 (1929); Chem. Aba,, 23, 5612 (1929). 
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Grfinifeld find that, when about 3 per cent of sulfur is present, the addition of org:attic 
accelerators tan be completely dispensed with. Indeed^ many organic acceleratprs 
may have an unfavorable action. In most cases, Vulkan colors give excellent 
shades of color imder these conditions, and in combination with other organic and 
inorganic colors such as selenium red or methylene blue, all kinds of colors and 
tones can be obtained. In general, ultraviolet vulcanization can be efiPected in 
four to eight minutes at 20-90® C., depending upon the support on which the sample 
rests, the shortest times being obtained on glass. This influence of the support 
apparently depends upon its heat conductivity and heat capacity, for the higher 
the temperature prevailing during the process, the more rapid its rate. 

Formulas of blue, green, orange, red and brown rubber mixtures which will cure 
in seven minutes at a distance of ten cm. from the ultraviolet source are given by 
Ditmar and Preusze.^^ 

In patents of the Goodyear Tyre and Rubber Co,®® the appearance and dirt- 
resisting qualities of vulcanized rubber are claimed to be improved by exposure to 
ultraviolet radiation. 

On the assumption that the increase in the electrical conductivity of hard 
rubber on exposure to light and air is a result of the formation of a surface film 
containing acid, Fry and Porritt®® carried on experiments to ascertain the mechan*- 
ism of its formation. It was found that hydrogen sulfide is evolved, the rate of 
evolution being the greatest in direct sunlight. This may, however, be the result 
of thermal rather than light action. This evolution of hydrogen sulfide results 
from a decomposition of the rubber-sulfur compound and occurs in the absence of 
free sulfur, resins, oxygen and water vapor. Its rate increases with a rise of 
temperature. 

Ultraviolet vulcanization has been employed in the production of surface designs 
on rubber. A surface of a rubber sheet to be etched is vulcanized by the action 
of ultraviolet rays or by sulfur chloride, a design is formed on the surface and an 
etch-resist may be incorporated with the inked parts. A mixture of nitric acid and 
potassium dichromate is used for etching and the etched sheet is washed with 
acetone or alcoholic soda solution. Silex and fat- containing fillings should not be 
present in the rubber. 

Rinipel and Hermann state that when strong reducing agents, such as a light- 
sensitive silver bromide gelatin, are mixed into the rubber, it is possible to form 
designs or pictures directly by exposure to the light. They do not agree with the 
suggestion of Defries and Naunton that a discoloration on irradiation is the result 
of an over-vulcanization produced by light on the surface. When four mixtures, 
each containing rubber, lithopone and zinc oxide, and the first also sulfur; the 
second, accelerator; the third, sulfur and accelerator, and the fourth, no addition, 
were exposed to sunlight for thirty minutes, the first and fourth mixtures remained 
unchanged, but the second and third became discolored to an equal extent. This 
indicates that the discoloration depends only on the accelerator and has no direct 
relation to the state of vulcanization. The accelerator thus behaves like a reducing 
agent. 

Ditmar, R., and Preusae, K. H., Caoutchouc & gutta-percha, 26, 14,762 (1929); Gummi'Ztg., 43* 
2749 (1929); Brit Chem. Ahs., B, 863 (1929); Chem, Abs., 24, 749 (1930). 

British P, 404,120, Nov. 10, 1932, to Goodyear Tyre and Rubber Co ; French P. 749,642* July 
27, 1933; Chem. Abs., 28, 685 (1934). 

WFry, J. D., and Porritt, B. D., India Rubber 78, 307, 309 (1929); Cfeam. Abs., 23, 5613 (1929). 

British P. 241,542, Oct. 14, 1924, to Soc. d’Exploitation des Procedcs d’Impression Sardou; Chem, 
Abs., 20. 3590 (1926). 

“Rimpel, H., and Hermann, F., Gumrni’Ztg., 43 , 2270 (1929) ; Chem, Abs., 23, 4370 (1929); Get* 
man P. 448,972; sec also Defries, K., and Naunton, W., Trans. Inst. Rubber Industry, 4, 298 (1928)? 
Chem, Abs., 23, 2068 (1929). 
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Fluorescance of Accelorators. Various accelerators are readily distinguished by dieir 
characteristic duorescence colors in filtered ultraviolet light When present alone in pale 
crepe, some of them may be detected by this method.*^ Even when some other ingredients, 
sudt as sulfur, zinc oxide, magnesia, lead oxide, etc., are present, it is possible, in some 
cases, to distinguish a characteristic appearance. However, with several ingredients 
present, fluorescent effect vanes with the different combinations, and only when the 
composition of the mixture is known can the method be employed for the detection of 
accelerators. Characteristic colors are also obtained after vulcanization, although they 
are different from those observed in the same mixtures prior to vulcanization.'*'* The 
approximate quantity may be judged within per cent if the fluorescent light from 
filtered ultraviolet is passed through an actmometer containing a triphenylmethane dye. 
Ditmar has listed the fluorescence colors of a number of accelerators. The change of 
fluorescent color on prolonged irradiation is also of significance. 

Nagle*'* employed this method for the study of tlie pigments used in the industry. 
In tlie examination of eight grades of zinc oxide mixed with glycerol, one appeared light 
green, one light gray -green, one light green-gray, two orange-buff, one bright apple- 
green, one pale dull violet and one deep violet. After having been kept ten minutes at a 
white heat, all were green. The same distinctive shades were visible in rubber mixtmes 
when a small proportion was used in vulcanizing the rubber with sulfur, accelerator 
and lithopone. Even when the rubber mixtures were made dark gray by the addition of 
carbon black, the individual samples containing zinc oxide could still be distinguished. 
In lithopones, the range of colors was not so great, the samples appearing deep violet, 
pale violet, brown or almost white. An examination of rubber imperfectly mixed with 
zinc oxide and lithopone revealed the characteristic colors of the two pigments and 
indicated the possibility of determining the distribution of powders in rubber mixtures. 
The lithopones which appeared deep violet were tlie most nearly sunproof. Those which 
appeared white darkened the most rapidly. In filtered ultraviolet light, however, the 
latter were resistant, indicating tlie radiation responsible for the darkening to be of 
wave-length shorter than that transmitted by the filter used (3300-390()A). Mineral oils 
and Vaseline were fluorescent and phosphorescent, coal-tar showed a faint, yellow-brown 
fluorescence and sulfur assumed a bronze color. In the form of bloom, it can be readily 
distinguished by this method. Addition of 1 per cent of coal tar to a black rubber mix- 
ture changed its appearance in filtered ultraviolet light from very dark violet to gray- 
blue. Various tire sections appeared violet, brown-violet, blue, green, yellow and brown- 
red, since various other added substances exhibited characteristic fluorescences.** 

Kirchhof reported similar observations, but differed from Nagle in believing the 
purest grade of zinc oxide to be sulfur-yellow. Since zinc sulfide gives a bright orange 
color, the fluorescence of lithopone varies with its zinc sulfide content. Among aliphatic 
substances, vegetable and animal oils, fats and waxes and paraffin hydrocarbons show 
characteristic colors. Phenols and aromatic acids exhibit particularly bright colors, the 
intensity apparently increasing with the complexity of the ring. Nitro- groups weaken 
the fluorescence. Dye.s, accelerator's and antioxidants are also distinguished by character- 
istic colors in this manner. The differences in the appearance of various rubbers in 
filtered ultraviolet depend chiefly upon material which can be extracted by acetone. It 
was Suggested that the method might be of value in following the natural or artificial 
aging of rubber mixtures by oxidation. 

Ditmar ** employed the method particularly for the study of accelerators. The color 
of mercaptobenzothiazole, for example, varied with the manufacturer. Kojima and 
Nagai ** reported observations on 41 such substances. Morris *^ considered especially 
the substances important in American manufacture. The personal element plays a large 
part in the recording of the colors, so that it is necessary to have standard samples 
available for comparison Morris believed the color variation in samples of zinc oxide 

Ditmar. "R.. and Dietsch. W, Chem Ztg 52, 388 fl928); GummuZtg., 42, 1415 C1928). 

L. P., Rev, gen. caoutchouc, 6 , No. S.3, 9 (1929); Chem. Abs„ 23, 5612 (1929). 

Ditmar, R, Chem Zfg., 52, 730 (1928); see also Garner, T. L., U»dia Rubber J., Tit 3t (1929); 
Chem. Ahjt., 23, 1772 (1929)1 for the identification of antioxidants by this method. 

P. G, Trans. Inst. Rubber Industry, 3, 304 (1927); Chem. Abs., 22, 1251 (J928). 

Nagle. P. G.. Rubber Chem, & Tech.. 1, 284 (1928). 

** Kirchhof. F., Kautschuk, 4 , 24 (1928); India Rubber T5, 791 (1928); Chem. Abs., 22, 2291 

(1928). 

Ditmar. R, Caoutchouc & gutta’percka, 28, 15,68 5 (1931); Chem. Ahs., 25, 6017 (1931). 

Kojima, K, and Nagai, T., /. Rubber Soc Japan, 2, 260 (1930); Chem. Abs., 25, 3871 (1931). 

Morris, V. N., Bug. Chem., 26, 107 (1934). 
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to be related to a certain extent to the particle siae. Well-vnlcanized rubber shows a 
yellow fluorescent color of fairly strong intensity, but decidedly undercured Rubber 
fluoresces onljr slightly. Rubber loses its fluorescence almost completely after an hour 
in direct sunlight. For this change, oxygen is not essential. In general, no definite 
relation is apparent between the optimum physical properties of rubber and the intensity 
of its fluorescence.*® 

Fluorescence tests may also be employed in judging the progress and uniformity of 
vulcanization. The light emitted by mixtures containing three to eight per cent of sulfur 
increase^ with the state of vulcanization. The fluorescence changes are accelerated by 
zinc oxide.*® With ten per cent or more of sulfur, when semi-ebonites are formed, the 
fluorescence becomes brown-red and less intense. Undercured rubber mixtures, in gen- 
eral, show relatively weak fluorescence and overcured ones a strong fluorescence, greenish 
for rubber and sulfur mixtures and yellowish-green for accelerated mixtures. Excessive 
overcuring may make the fluorescence yellow. The fluorescence of Neoprene also 
increases during vulcanization witliout sulfur but less markedly than in the ca.se of 
rubber. Oberto“ has also described the changes in fluorescence of vulcanized rubber 
during aging, natural or artificial In the initial stages (one minute in sunlight), it 
changes to violet, even before an alteration of mechanical proj^erties can be noted. lalcr 
it becomes more intense, finally changing to ochre or red, depending upon the sulfur con- 
tent, at complete deterioration (ten hours of exposure). The presence of other substances 
may complicate the fluorescence efTects. 

Light and the Oxidation of Rubber 

In reviewing this topic, Shepard. Krall and Morris state that as early as 
1865, Spiller proved that oxygen functions in the change undergone by strained 
rubber in light. Burghardt believed that light alone would injure perfectly good 
normal vulcanized rubber only when acting in conjunction wdth other destructive 
agents. Fickencley showed that samples exposed to direct sunlight in sealed 
tubes in hydrogen, nitrogen and carbon dioxide remained unchanged for weeks, 
although rubber exposed under oxygen became sticky. Ahrens, Peachy and 
Leon,®® and Henri considered sun-checking or sun-cracking an oxidation process 
aided by both light and heat. 

Asano observed that when rubber is exposed to ultraviolet light under carbon 
dioxide, nitrogen or hydrogen, it is converted into two products of much the same 
composition. One was a \vhite, opaque, brittle, polymerized substance, insoluble in 
benzene. The other w^as a depolymerized, tacky product of reduced viscosity. 
Similar behavior was observed during exposures in air. Asano believed that radia- 
tions longer than 3100A had no significant effect, and that these physical and 
chemical changes w’erc most rapid and profound under the influence of wave- 
lengths between 2250 and 2000A. .Some dyes, however, sensitize rubber to longer 
wave-lengths. These changes were largely independent of oxidation, which 
occurred to a considerable extent only in .sunlight, and caused tackiness, followed 
by brittleness. The ultimate products were insoluble in boiling benzene, chloro- 
form, alcohol or acetone, and contained 14.6 per cent of oxygen. The action 

** For a jffener.al review of fluore‘.ceTicc test<; foi riihhei, see Hau'.er, E A., and Ee Beau, S,, 
Kmt^Khuk, 10, 113 (1934); Krahl, M., Kautsrhuk, 1S9, 180 (1927). 

<»Oberto, Comma, 1, 157 (1937); Chem, Ahs., 32, 3198 (1938). 

Oherto, S., Rubber Tech, Conf. London, Pfcprtnt No 75, May, 1938; Chem. Abs , 32, 8212 (P>38). 

K^Sbepard, N. A., Krall, S., and Morris. IL L., lud. Eng. Chem., 18, 615 (1926). 

^ Spiller, J., /. Chem. Soc., 18, 44 (1865). 

»» Burghardt. C. A„ J. Soc. Chem. Ind., 2, 119 (1883). 

MFickendey, E., Kolhtd Z., 9, 81 (1911). 

Ahrens, F., Kunststoffe, 3, 478. 

‘^Peachy, S. J,, and Leon, M., J. Soc. Chem. Ind., 37, 56T (1918) 

Henri, V., Caoutchouc & GuUa~percha, 7, 4372 (1910). 

» Asano. K.. India-Rubber 70, 307, 347. 389, 395 (1925); Chem. Abs., 19, 3616 (1925). 
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invdvcd an initial dcpotymcrkation, with subsequent accelerated oxidation of the 
depolymeri^ed product The oxidation was induced by wave-lengths shorter than 
SOOOA, and the dcpolymerization by longer wave-lengths. Elimination of the infra- 
red rays by a water filter did not alter the action of sunlight The intensity of light 
governed the rapidity of the changes. Asano also alluded to the deleterious action 
of oaone* 

Williams®® definitely showed that 5 grams of emery-wheel buffings of a pure 
gum inner tube absorb oxygen more rapidly in sunlight (0.93 cc. per hour) than 
in darkness (0.13 cc. per hour). Light had, however, little effect upon unstrained 
strips of the same rubber. The success in the case of the buffings was due to the 
fact that the fresh surfaces dung together in such a manner as to keep the small 
particles in a strained condition. 

It was claimed by de Jong that in a quartz vessel exposed to sunlight in the 
Dutch East Indies, a benzene solution of crepe rubber absorbed a considerable 
volume of air. In later experiments with less intense sunlight in Holland, the 
same process occurred behind glass, but less rapidly. In eight days, 25 cc, of air 
were completely absorbed by 325 cc. of solution, de Jong claimed also that after 
six days of exposure in sealed tubes under nitrogen, a 1.05-per cent solution of 
rubber in benzene absorbed 2.5 per cent of nitrogen and that the absorption of this 
gas by the hydrocarbon from balata gutta-percha after purification with petroleum 
ether also occurs. However, nitrogen absorption by rubber has been denied by 
Howard and Hilbert.®^ Dogadkin and Panchenkov observed that on irradiation 
of rubber solutions in nitrogen, the interfacial tension against water did not change. 
When irradiated in air, it was lowered and reached a constant value in two hours. 

Bondy and Lauer^* found, in agreement with Staudinger and Leupold, that 
rubber solutions do not autoxidize in darkness. In light, the solutions decomposed 
in the same manner whether or not the natural antioxidant was present. There was 
no decomposition when the exposures were made in nitrogen; only in light and 
air were positive results attained. 

Williams also showed that the exposure of strips of a vulcanized gray side-wall 
stock stretched to an elongation of 5 per cent, and exposed in air or oxygen (but 
not in evacuated tubes) to July sunlight daily for two weeks appeared slightly 
wrinkled. Upon releasing the strain, the wrinkled appearance became pronounced, 
showing that a non-elastic skin had formed on the surface. The weight had increased 
slightly. The skin had a glazed appearance, was almost inelastic but not brittle 
and was soluble in alcohol. The surface beneath appeared unchanged and no 
decrease in tensile strength could be observed. Light-colored rubber will form, 
in some cases, a pronounced skin in two days of exposure to the sun. 

Tests by Williams with various colored filters indicated that the short wave- 
lengths of visible light from a tungsten lamp were most effective in prodbeing 
surface oxidation. White light produced the heaviest skin. The amount of oxi- 
dation was directly dependent upon the intensity of the light. A mercury lamp 
placed ten inches from the strip elongated at about 10 per cent produced a pro- 
nounced surface oxidation in three hours. If, however, the mercury lamp is placed 
two to three feet from the strip no skin formed. Instead, after one or two hours, 
small cracks began to appear in the surface of the rubber. These continued to 

wwrniams. I., Jnd. Eng, Chem,. 18. 367 (1926). 

*®de Jong, A. W. K., Rec. trav. chim . 51, 133 (1932). 

^Howard, L. B., and Hilbert, G. E., /. Am, Chem, Scc„ 59, 214 (1937). 

# Dogadkin, B., and Panchenkov, G., KoUoid-Z., 65, 350 (1933); Chem, Abs,, 28, 1890 (1934). 

** Bondy. H. F., and X^auer. G. G.. B^r., 66B, 1611 (1933). 
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iiicrcase in sht and nrnnber, but the surface between the cracks remained unchat^^ed 
except on prolonged exposure. TTiis type of oxida(tion» due it was believed to 
ozone, is characterized by extreme rapidity and by a negligible increase in weight.^^ 
In direct ozonizing tests, it was necessary to reduce the concentration of ozope to 
about one part in 50,000 of air in order to reduce the speed of cracking to a point 
at which observations could be accurately made. Surface oxidation appears to fee 
to some extent an efficient protection against even a relatively high concentrattem 
of ozone, since this cracking was not observed in samples which had been exposed 
ten inches from the lamp. Checking can be retarded by catalyzing the surface 
oxidation by means of copper salts.^® Compounds containing zinc oxide are more 
easily protected than pure gum type compotmds. 

The basic components of the acetone-soluble material from rubber account for 
the antioxidant effect of both rubber and balata, according to Bpndy and Lauer*^ 
The acids, amino-acids and bases of the serum and phenols have a slight anti- 
oxidant effect. The neutral components and acid amides are inactive in this 
respect. Heating rubber or balata resin at 120*^0. increases its protective 
action against ultraviolet light. Those rubber solutions which had the deepest 
brown color had the least tendency to autoxidize. Further experiments showed 
that a dye present in the rubber retards autoxidation by absorbing the active radia- 
tions. Tests of known dyes proved that some have a marked protective action by 
internal filtering, but others were only slightly protective. 

Bondy,®*^ irradiated purified balata in the solid state in air with sunlight and 
with ultraviolet light, determining the extent of autoxidation by measuring the 
viscosity of Tetralin solutions of a concentration corresponding to 0.2 molecule of 
isoprene, before and after irradiation, t.r., by the general method of Staudinger. 
Rubrene and dehydrorubrene had almost no effect on the reaction. Bidiphenylene- 
ethylene and ^-naphthoquinone were active antioxidants, but anthraquinone showed 
strong prooxygen ic influence. Paraquinone had no effect and acenaphthenequinone 
almost none. Aldol-a-naphthylamiiie as well as an acetone extract of rubber had 
weak, and phenanthrenequinone or a-naphthoquinone strong polymerizing influence. 
The most highly colored compounds were the strongest antioxidants. Aldol-a- 
naphthylamine reduced slightly the polymerizing action of a-naphtlioquinone. 

When balata in solution was irradiated, rubrene and dehydrorubrene were dis- 
tinct prodxygens, whereas bidiphenylene-ethylene and an acetone extract of rubber 
were without influence. Passage of the light through a toluene filter had no 
influence on its oxidizing action on balata or acetone-extracted rubber exposed to 
the air. All substances which acted as antioxidants when added to the rubber 
showed /the same property when employed as external filters. Azobenzene and 
a-benzeneazo-^-naphthylamine also prevented autoxidation and a-naphthoquinone, 
phenanthrenequinone and alizarine retarded it greatly when their solutions were 
used as filters. A colored substance which absorbs active radiations inhibits autoxi- 
dation only if it is soluble in balata or acetone-extracted rubber. The antioxygenic 
power of an acetone extract of rubber depends in part upon its brown color, for 
even in very low concentrations, e,g,, 0.1 per cent in toluene as a light filter, it still 
retarded autoxidation. This does not mean, however, that the antioxygenic power 
depends only on the colored components. By means of filters, the spectral region 

•*See also van Rossem, A., and Talcn. 11, W., Kautschuh, 7, 79, US (1931); Chem, Abs,, 25, S79S 
(1931). 

«»This could not be confirmed by van Rosseiu, A., and Talcn, H. W., Kamtschuk, 7, 79, US (1931); 
Chem. Abs., 25, 5795-6 (1931), 

WBondy, H. F.. and Lauer, G. G., Ber., 65B, 1611 (1933). 

•iBondy. H. F., Rev. gen, caoutchouc, 11, No. 1, 6, 9 (1934); Chem. Abs., 29, 4207 (1935). 
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which is active in autoxidation in sunlight was found to lie between 3000 and 
4800A, In this ultraviolet region, the activity was apparently uniformly dis- 
tributed. Sunlight and ultraviolet light were found to be similar in effects, in spite 
of the fact that ozone is formed only by the shorter wave-length ultraviolet light 
absent from sunlight 

The rate of oxidation of vulcanized rubber in ultraviolet light and air or oxygen 
increases with the time of vulcanization. It is greatly increased by extraction with 
acetone. It varies greatly with the kind of rubber, vulcanized crepe oxidizing far 
more rapidly than vulcanized Para rubber, probably because ultraviolet light pene- 
trates the former much more readily than the latter.®® The difference in the rate 
of oxidation of unextracted and extracted vulcanized rubber is probably closely 
related to the condition of the sulfur and to the absorption of ultraviolet light, for 
it is known that ultraviolet light is completely absorbed by a vulcanized mixture 
which reflected it before vulcanization and that carbon disulfide containing sulfur 
absorbs ultraviolet light while carbon disulfide alone transmits it. This suggests 
a means of determining whether sulfur is chemically combined or in solution and 
suggests that chemical combination occurs during vulcanization. The primary 
yellow products of oxidation in ultraviolet light are converted by boiling dilute 
sulfuric acid to the same brown substances which are obtained on oxidation in 
darkness at 70° C. The immediate onset of oxidation in ultraviolet light is in 
contrast to the induction period in oxygen alone. The gain in weight occurring 
during the oxidation in ultraviolet light ceases long before the oxygen reaches the 
proportion represented by CsHgO. The rate of oxidation of vulcanized rubber in 
ultraviolet light and air at 40® to 45®C. is about three times that in air at 70®C. in 
darkness. 

Kirchhof later used the ability of the natural water extract of raw rubber 
to reduce an ammoniacal silver nitrate solution at room temperature in detecting 
the effect of light on rubber. After a brief exposure to light, crepe still reduces 
the reagent with dispersion of silver throughout the rubber, whereas water- 
extracted crepe or crepe bleached with sodium bisulfite does not reduce the reagent. 
After prolonged exposure crepe no longer reduces the reagent, because light in 
conjunction with oxygen destroys the reducing substances (probably sugars). 
There is also a bleaching effect, perhaps because of the formation of hydrogen 
peroxide. Ultraviolet light has the same effect as sunlight, except that there is a 
yellowing instead of a bleaching, perhaps because of peroxide formation. 

In sunlight and ultraviolet light, purified gutta-percha slowly turns yellow and 
on treatment with ammonia-silver nitrate turns brown because of peroxide forma- 
tion, Samples of pale crepe with no reducing action were immersed in 'solutions 
of hydroquinone, phenyl- a-naphthy I amine and the commercial antioxidants, Para- 
zone ND and MB, dried in darkness, and exposed to ultraviolet light. There was 
no visible change except with the phenylnaphthylaminc in which case yellowing 
occurred. On treatment with ammonia-silver nitrate, there was reduction with 
hydroquinone and Parazone, while with the phenyl-a*naphthylamine and Para- 
zone MB, there was no reduction, even by the unexposed part. Since hydro- 
quinone and Parazone have a marked protective action on ru])ber exposed to light, 
this action is related directly to the reducing power. The stability of hydroquinone 
and Parazone toward light accounts for the continued protective effect at low 
concentrations, 

«Kjfchhof, F., Kantschuk, 239, 256 (1927); Chem. A/n , 21, 3766 (1927). 

F., Kauiachuk, 9, 70 (1933); Chem. Ahs., 27, 4 1 26 (1933). 
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Dogpadkin and Balandina irradiated rubber with ultraviolet light under water 
in quartz flasks. Aqueous extracts were then prepared and tested for oxidi^tion 
products which at lOO^C. reduce gold salts to rose-colored colloidal gold. Unexposed 
pale crepe and smoked sheet gave no reduction, but after ultraviolet irradiation 
they each reduced gold chloride. In each case on continued irradiation the concen- 
tration of colloidal gold increased to a maximum and then diminished. The elec- 
trical conductivity of the extracts, after diminishing slightly to a minimum after 
a ceitain period of irradiation, increased continuously* 

Defries and Naunton investigated the effect of sunlight on the color of cured 
and uncured accelerated mixes. Rubber mixtures containing crepe 100, zinc oxide 
10, barium sulfate 100, and sulfur and accelerator (diphenylguanidine, di-o-tolyl- 
guanidine, triphenylguanidine, mercaptobenzothiazole, thiocarbanilide, aldehyde- 
ammonia, tetramethylthiuranidistilfide and zinc diethyldithiocarbamate) were 
exposed to ultraviolet light. With all accelerators, exposure before curing gave 
no visible effect, but, when cured, the previously exposed samples were much 
darker than ones not so treated before curing. These darker samples could not 
be lightened by irradiation. Ultraviolet light induces oxidation of the vulcani- 
zates. When the samples were underciired, a second exposure to light intensified 
the darkening. The results indicate, first, that exposure of imcured samples causes 
a surface vulcanization, second, the discoloration is an effect of a surface overcure 
produced by normal vulcanization superimposed on an already slightly vulcanized 
surface and third, bleaching of vulcanizates by light results from oxidation, since 
it can be minimized by exposure in an inert gas and can be produced by oxidizing 
agents. When, however, there is an excess of vulcanizing agent to permit after- 
vulcanization, a subsequent exposure induces further darkening instead of bleaching. 

Accelerated Weathering Tests 

Artificial aging of vulcanized rubber was thought by Pelizzola to be identical 
with natural aging, from both chemical and physico-mechanical points of view. 
Asano directed experiments toward an understanding of the fundamental proc- 
esses involved. As an aging test, he recommended that samples be maintained at 
71 ^C. in a steady current of air and at the same time be exposed to ultraviolet light 
until the changes are of sufficient magnitude to compare the stress-strain curves 
and the chemical composition. By this test, nibber- insulated wire cracked after 
an hour, although it remained unchanged after fifteen hours in darkness,’^'* 

It must be noted that light is but one of several aging factors employed in 
accelerated aging tests, although it is the only one requiring mention here. 
Jecusco placed a Uviarc in the accelerating cabinet 7 cm. above the reel which 
held the samples of rubber so that its rays fell at right angles to the narrow part 
of dumbbell samples held by clips. The oven was of a standard construction 
3 feet deep, 5 feet high and 4 feet wide, with walls filled with Z-inch asbestos and 
air insulation. It had a specially constructed wooden reel, 24 inches in diameter 

7®Dogadkin, B., and Balandina. V., Kautchuk, 9 , 146 (19.33); Rubber Ckcm, Tech., 7, 18 (1934); 
Chem Abs.. 28, 4936 (1934). 

Defrics, R., and Naunton, W. T. S., Trans. Inst. Rubber Ind., 4, 298 (1928); Chem. Abs., 23, 
2068 (1929). 

^ Peliazola, C, Gwrn, chim. md. appHcata, 4, 4S8 (1922); Chem. Abs., 17, 1559 (1923). 

« Asano, K., India-Rubber J., 70, 307, 3 4 7, 389 (192 5); Chem. Abs., 19, 3616 (1925). 

Asano, K.. Mem. Kyoto Univ., No. 3, 267, 1926; Gummi-Ztg., 41, 1576; Chem. Abs., 21, 2398 
(1927). For other early tests, see also Jacobs, S., Caoutchouc & gutta-percha, 25, 14,110 (1928) and 
Krahl, M., Kautschuk, 159, 180 (1927); Chem. Abs., 21, 2816 (1927). 

Jecusco. F. P., Ind. Bng. Chem., 18, 420 (1926). Recent aging apparatus is described by Wal- 
ter, P., Rev. gin. caoutchouc, 14, No. 134, 26 (1937). 
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ait4 28 inches long^, having: ei|fht arms and eleven wooden cross rods one inch in 
diameter forming: an open reel of the squirrel-cage type. This revolved on a shaft 
at 26 r.p.m. Underneath a perforated floor plate were enough electric heating 
units to give a temperature of 50 to 100*^ C., automatically controlled by a thermo- 
stat. Underneath the floor plates on either side of the oven were large adjustable 
air shutters and baffle plates to admit the circulation of air through the heaters. 
There was also a top vent with damper control. 

When both light and heat were used, a sample gave twice as much acetone- 
extract as after the heat test alone. In the heat test there was merely a pronounced 
darkening at the end of 144 hours, but with light and heat, the sample began to 
fog after three hours, a brownish tint began to appear at six hours, and after 
nine hours it was decidedly brown. After 21 hours the sample started to darken 
not unlike a sample heated alone for 144 hours. It gradually became darker up to 
39 hours when it threw a purplish hue over the brown. This colored coating was 
insoluble in all common organic solvents and in caustic soda solution. Even after 
three hours, the surface was somewhat checked. This was pronounced at 39 hours. 
It began to crack at six hours. A decided stiffening became apparent at 18 hours 
and continued to the end of the test The loss of weight was, however, decreased 
in this test. 

Other rays than those shorter than the 2250 A (found active by Asano, who 
used only raw rubber) were effective in the aging of vulcanized rubber. Even 
sunlight was effective. Sunlight appeared to act in spurts. At 90®F. the first 
spurt from the cold Uviarc starts at the beginning of irradiation and continues 
until the breaking stress has been reduced from the initial 2260 to 1575 lbs. per 
square inch (fifteen hours) after which the deterioration is slow. At higher temper- 
atures the spurts are more frequent and the delays shorter. The cause of these 
delays in the aging may be the formation of a protective coating. From filter 
experiments, it was concluded that green rays which have apparently no action on 
fresh rubber, have a tremendous effect on oven-aged rubber. Infrared rays showed 
an effect on both fresh and “activated*' rubber. Apparently all rays have an action 
at some stage on the degradation of vulcanized rubber. The results seemed to 
indicate that light did not give a quantitative measure of the ability of rubber 
to withstand weathering. 

Others, however, believed ultraviolet light to give a fair indication*^® of the 
ability of samples of raw or vulcanized rubber to withstand exposure to sunlight 
under natural conditions. The visible changes of individual samples are only rela- 
tive and an adequate judgment of their aging properties requires the simultaneous 
exposure of samples of known aging properties. The ultraviolet light test is also 
useful in predicting the behavior of dyes in rubber. 

Krahl found ozonized air to have little effect on sharply bent rubber mixtures 
unless they were simultaneously exposed to ultraviolet light. Then they soon 
cracked at the bent sections. The resistance to such attack varies with different 
mixtures. In general, dark-colored mixtures crack sooner than light-colored ones, 
and overcured mixtures crack sooner than normally cured ones. In the aging test, 
Krahl exposed the samples intermittently to ultraviolet light so that their tempera- 
ture did not rise to a point at which thermal changes become significant He 
accomplished this by using a water-cooled rotating drum on which the radiation 
f^lls over one longitudinal section. The friction strength of insulating tapes in 

WK. L., Gummi^ZH., 41, 417 (1926); Chem. Abi,, 21, SIQ (1927), 

Krahl, M., Kaukschuk, 1S9, 180 (1927); Ch$m. Abs., 21, 2816 (1927). 
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this test first increased with the time of exposure and then decreased progrres- 
siveljr until it was but negligible. In comparative tests in which the samples )vere 
merdy heated in air at 70®C,, the strength decreased progressively from the 
beginning. 

More complicated tests have been devised. In onej® during each revolution of 
a wheel about eight feet in diameter, the samples were successively submitted to 
immersion in water, desiccation by a hot or cold air blast, ultraviolet radiations, 
ozone, etc. 

Yamazaki exposed samples of vulcanized rubber to sunlight filtered through 
one of four glass plates transparent to 2900, 3130, 3300 and 4360 A, respectively. 
The effect of the unavoidable heating was studied in control experiments by air- 
heating at 70-7PF. in darkness for 150 hours. The color of vulcanized rubber 
became darker by air-heating, but when exposed to sunlight at 60-70^F. the change 
in color was far more remarkable. The higher the degree of vulcanization, the 
greater the change in color. Moreover, the rubber was hardened by the action 
of light. The shorter the wave-lengths and the higher the temperature, the sooner 
did hardening occur. The action of the rays of wave-length greater than 4300A 
was very weak except in the case of overvulcanized rubber which was noticeably 
hardened. The acetone extract increased with the time of exposure, the rate of 
increase being less the longer the wave-lengths used. In some cases, the acetone 
extract reached a maximum and then decreased. It was considered that the 
increase in acetone extract was due principally to the oxidation of the rubber. 
The subsequent decrease, when observed, was attributed to the conversion of a 
part of the oxidized product into substances insoluble in acetone. The action of 
light and heat also caused a remarkable decrease in the free sulfur. The time of 
vulcanization of rubber-sulfur mixtures had a marked effect on the aging properties. 

The deterioration due to sunlight was great even in winter and was very 
marked in the spring at fiO’^F. The outer layers of test-pieces exposed to sunlight 
were quite brittle and inelastic but the inner layers were still fairly good. Test- 
pieces subjected to Geer oven tests showed but little difference between, the outer 
and inner layers. 

Differences between the effects of sunlight and a quartz mercury arc were 
noted by Weightman in the case of vulcanized mixtures, particularly those which 
contained reclaimed rubber. Some samples of the latter which failed in service 
were comparatively resistant to ultraviolet rays. A violet carbon arc gave results 
more similar to those of sunlight. Temperature, humidity and air supply should 
be controlled during the test. 

McKee and Depew found that overcured mixtures become surface checked 
sooner than the corresponding undercured mixtures in the light test, although the 
reverse was the case in darkness. Paraffin and zinc oxide retarded this action 
of light. 

The varied conditions under which rubber is used make it particularly difficult 
to find any one suitable artificial aging test. Bierer and Davis®® believed that 


wKraW. M.. Gwnmi^Ztg., 42, 965 (1928); Chem, Abs., 22, 1495 (1928). 

'’^Fresi^ offict natiotiale des r«cherche$ et inventiones, Rev, gen,, caoutchouc. No. 29, 11 (1927): 
CW Abe,, 21, 1899 (1927). 

Yamiucaki, T., /, Sac, Chem. Ind. Japan, 30> 804 (1927); Brit, Chem. Abe*, B, 615 (1928): 
/. C%«. /#i3. Japan, 31, 233. 243 (192^; Chem, Abe., 22, 3066 (1928); Yamazaki, T., anj 

Okuyama. K., J, Soc. Cnem, Ind. Japan, 32, 367B (1929); Brit. Chem. Abe., B, 250 (1930); Caoutchonc 
& gum^percha, 27, 15.016 (1930). 

^WeJzbtmatt. H. E.. Rubber Age (N. YJ, 23» 75 (1928); Chem. Abe., 22, 2290 (1928). 

••McKee. K. H.. and Depew, H. A., Ind, Bug. Chem., 20, 484 (1928). 

••Bierer, J. and Davis, C. C, Ind. Bng. Chem., 21, 1008 (1929). See also Karpinsky, 2,. 
Prsemyel Chem., 21, 202 (1937); Chem. Abe., 31* 8989 (1937). 
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neither the Fade-Ometer ($ee Chapter 32) nor the ultraviolet light tests truly 
duplicate the eifects of sunlight. 

In the aging of rubberized balloon fabrics, according to Barr,®** there are essen- 
tial differences between the effects of ultraviolet light and of tropical sunlight. 
Losses in tensile strength of the fabrics were similar, but though the permeability 
of the samples exposed to ultraviolet light remained unaltered, those exposed to 
sunlight became extremely permeable and their sulfuric acid contents became rela- 
tively large. Ultraviolet light caused a disproportionately great deterioration of 
the cotton, whereas tropical sunlight acted relatively rapidly on the rubber and 
sulfur with the formation of sulfuric acid which in turn attacked the cotton. 
Organic dyes and inorganic pigments protect the cotton from sunlight, lead chro- 
mate giving the best results. 

Graffe^® finds that in the light test the increase in acetone extract and the 
gain in weight are parallel up to an advanced stage of deterioration, so that the 
progress of the aging can be followed by the gain in weight. By the use of inter- 
mittent exposures, it was found that at certain stages of tlie aging process ultra- 
violet light accelerates a subsequent autoxidation in the air. 

Tanaka, Kambara and Fujita®® state that the original cold elongation of vul- 
canized rubber is increased by exposure to ultraviolet rays.®^ 

Ebonite that had been exposed under glass for fifteen years to light showed 
superficial cracking and masses of a whitish deposit.®® The majority of samples 
showed a content of combined sulfur greater than that conesponding to the formula 
CflHgS. The exposure appeared to have caused oxidation of part of the caoutchouc 
to ‘Tesins,*' leaving a residue richer in sulfur. Ortain of the samplCvS containing 
organic softening ingredients such as palm pitch or carnauba wax had deteriorated 
less than the others. 

Exposure of semi-ebonite to ultraviolet radiations caused small increases in 
weight with the formation of a very thin hard and lustrous skin. Exposure out- 
doors also increased the weight and brought about surface changes. The effects 
of antioxidant both on exposure to ultraviolet rays and outdoors were relatively 
small. 

Following an induction period, the electrical resistivity of the surface of low- 
grade loaded hard rubber and ebonite on exposure to light, air and humidity drops 
rapidly. It reaches a saturation point at about 10^ to 10® ohms, after which it 
continues relatively slowly. Ebonite, though initially superior to low-grade loaded 
hard rubber, deteriorated more rapidly and to a greater degree. After removal 
from the light, the resistivity of the low-grade loaded hard rubber increased slowly. 
The surface resistivity of ebonite was sensitive to the relative humidity during 
measurements, except during the induction and saturation stages. When the rela- 
tive humidity during exposure was varied, there was found a maximum rate of 
deterioration of ebonite at 70-90 per cent relative humidity, indicating that both 

«*Barr. G.. Trms. Inst. Rubber Ind., 5, 31 (1929); Chem. Abs„ 23, 5350 (1929). Tc«ts for rubber 
composition soles are described by Dock, K H,, Trans. Inst. Rubber Jnd., 13, 160 (1937). 

»Graffe, L., Caoutchouc & gutta-percha, 28, 15.714, 15,797 (1931); Chem, Abs., 26, 622. 1152 (1932) 

Tanaka, Y., Kambara, S., and Fujita, H., /. Soc. Chem. Ind. Japan, 37, 522 (1934); Brit. Chem. 
Abs., B, 1071 (1934). 

w For further general reviews of aging testj^ sec Garner, T. L., Ind. Chemist, 7, 295 (1931); Moureu, 
C., Dufraisse, C., and Lotte, P., 2nd. Eng. Chem.. 22, 549 (1930): Jackson, H., Trans. Inst. Rubber 
Jnd., 10, 292 (1934): Chem. Abs., 29, 3871 (1935); Carpenter, A. W., Indta Rubber World, 95, No. 6, 
39, 44, 48 (1937); Saito, S., J. Soc. Rubber Ind. Japan, 6, 525 (1933). 

Scott, J. R., Res. Assoc. British Rubber Mfrs., 5, 2 (1936); Brit. Chem. Abs , B, 338 (1936). 

«» Gibbon. P. A., Trans. Inst. Rubber Ind., 10, 494 (1935); Chem. Abs., 29, 6468 (1935). 

®®rh«rch, H. F,, an4 Dayncs, H. A., /. Rubber Research, 6, 13 (1937); Chem. Abs., 31, 5211 (1937). 
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dry and saturated atmospheres had a retarding effect. Tn artificial light ^15 cm. 
from a 100- watt gas lamp), deterioration was sloweri^than in bright north hght, 
but, in the case of ebonite, the results were the same when expressed in standard 
hours measured by a photographic exposure meter. The low-gtadi hard rubber 
deteriorated relatively less rapidly in artificial light, probably because of a recovery 
of its resistivity value. Accelerated and artificial light aging tests cannot yet be 
accepted as criteria of true relative stabilities in sunlight. 

Turner studied the influence on the sun-cracking of vulcanizates exerted by 
quantities of coloring matter too small to alter significantly the characteristics of 
the white base mixture. Inorganic and organic colors (both soluble and insoluble 
in rubber) including blue or black, red, green and yellow ones, were tested in two 
types of non-blooming white vulcanizate exposed under low stress (6 or 7 per 
cent elongation) to sunlight. Tn all cases, surface cracking took place much sooner 
when a coloring agent was present. Next to white vulcanizates, the blue ones 
were the slowest to crack. The resistance of the white vulcanizates was attributed 
to their ability to form a protective skin more readily than do the colored products. 
The coloring materials were thought to absorb wave-lengths which might other- 
wise be absorbed by the rubber and lead to the formation of the skin. A trans- 
lucent vulcanizate absorbs more light than does a white one and therefore forms a 
protective skin more readily than does a corresponding opaque one. This was 
sliown by the fact that a vulcanizate containing titanium dioxide cracked sooner 
than a corresponding one containing an equal volume of barium sulfate and having 
a more pronounced film. This may explain the beneficial effect of magnesium 
carbonate. 

Protection of Rubber 

According to Schopper,**- solutions of coumarin derivatives, e.g,, a 1-per cent 
solution of dimethylaniino-methylcoumarin, may be used to absorb ultraviolet rays 
and protect the fabric of balloons from damage by sunlight. Jakowsky®^ calls 
attention to the opaqueness of the carbon black used as a reinforcing agent in 
rubber and notes the general belief that this pi'opcrty affords rubber of greater 
durability by preventing the penetration of light, especially ultraviolet rays, into 
rubber. 

Shepard, Krall and Morris attempted to determine the influence of various 
compounding ingredients, including fillers, softeners, accelerators, and an anti- 
oxidant, on sun-checking. They stretched the rubber to an elongation of 12.5 per 
cent and obtained checking of susceptible samples within 24 hours, although 
unstretched samples were not checked for months when exposed to sunlight 
Dumbbell strips, 5 mm. thick, stretched on frames, were hung by ropes from 
the roof where they could revc)lvc in the wind. It was concluded that, through 
the proper selection of rubbers, reclaim and compounding ingredients, it is pos- 
sible to reduce to a marked extent the tendency of rubber products to check and 
crack. The maximum results from a checking standpoint would be obtained by 
using only those materials in compounding that are protective in their action. 
Unfortunately, however, selective pigmentation cannot usually be resorted to 
without the sacrifice of desirable physical properties. Carbon black, for example, 

Turner, H.. Trans. Inst. Rubber Ind., 10, 21 (1934); Chem. Abs., 28, 7591 (1934). 

«»Sthopper, T., Gummi-Ztg., 29, 1250 (1915); Z. angeto. Chem., 28. Ref. 644 (1915); /. Soc. Chem. 
Ind., 356 (1916). 

*«Jakowaky, J. J., Bureau of Mines Tech. Paper 351 (1924); see also Bradshaw, H., Ind. Eng. 
Chem., 19, 1110 (1927). 

Shepard, N. A„ Krall, S„ and Morris, H. L., Ind. Eng. Chem., 18, 615 (1926). 
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has no protective action, and even in small quantities offsets the protective action 
of other pigments ; but for tread stocks this pigment is highly desirable for tough- 
ness, resistance to tear and abrasion. Other characteristics, such as the blooming 
of certain protective materials, make their commercial application very difficult. 
There is little difference between the accelerators triphenylguanidine, diphenyl- 
guanidine and methylene-/>-toluidine. Benzidine (the only antioxidant test^) has 
to be added to the extent of 3.6 per cent to give complete protection for a week. 
The solubility of a material in rubber plays a prominent part in its value as a 
protective agent. Mineral rubber and other asphaltic substances have no beneficial 
effect. Rosin and pine pitch are detrimental. Vegetable oils have little effect. 
Paraffin has a stronger protective action than Vaseline, but more than 2 per cent 
is necessary for complete protection. A light engine-oil is inferior to Vaseline. 
Crude Montan wax is but little if any better than asphaltic softeners. When 
refined, it is intermediate between Vaseline and paraffin. Zinc oxide and lithopone 
do not protect to the same extent as whiting and clay which are of low covering 
power. Ix>w~grade off-color rubbers are not more susceptible to sun-checking 
than arc high-grade rubbers. A white stock loses much more in resistance when 
made gray or black. 

Dyestuffs capable of absorbing ultraviolet light were added by Porritt and 
Dawson^® who also used polyphenols and aminophenols as antioxidants. Lister 
found dragon^s blood resin to offer no protection against oxidation in cured rubber 
proofing exposed to the weather and to ultraviolet light.®® 

Preservative paints or coatings for application to rubber goods may be made 
with a medium capable of swelling the rubber and a material, such as mineral 
rubber, to increase the viscosity and afford some mechanical protection. Small 
quantities of antioxidants, such as aldol-a-naphthylamine, and of yellow or red 
substances such as Oil Red S may be added.®'’' 

Henri “ stated that litharge and antimony sulfide accelerate the changes produced 
^ ultraviolet rays. Copper salts, even in traces, are bad,“* while powdered glass, accord- 
ing to Ditmar,^" protects in direct proportion to the amount present. Zinc oxide accel- 
erates oxidation but not in any direct relation to its percentage 

Kreusler and Budde^ dipped vulcanized rubber articles into a paraffin bath at 
100*C. to render them resistant to light and air. Himmelbauer and Co.““ used Vaseline 
Or cercsin wax, Ahrens stated that in 1899 he added ceres in to a tread stock on the 
mixing mill and then exposed tires with half and half tread, one-half containing ceresin 
and the other not. The protective action observed in the presence of ceresin was ascribed 
to the chemically inert bloom or coating of ceresin. Chertoff uses certain vegetable 
oils, including palm, rosin, pine and turpentine oils, with resins (dammar, rosin, copal), 
to prevent rapid deterioration and hardening of rubber with age. Paraffin, mineral and 
other non-drying oils have also been suggested by Repony.’* 

Mazurek and Josse recommended that fabric for the Gordon Bennett Cup 

PorrJtt, B. D,, and Dawton, T. R., British P. 269,745, May 25, 1926, to Research Association of 
British Rubber and Tyre Manufacturers; Ch^m, Ahs., 22, 1498 (1928). 

••Lister, W. N., J. Soc, Chem. Ind,, 46, 220T (1927); see also Kelly, A., Taylor, B. S., and Tones, 
W. N.. Ind, Eng, Chem., 20, 296 (1928). 

•'fporitt, B. D., Dawson, T. R., and Research Association of British Rubber and Tyre Mfrs. 
British P. 299,169. Sept. 29, 1927; Brit. Chem. Abs., B, 937 (1928). 

••Henri, V., Caoutchanc & guttapercha, 7, 4372 (1910); Matter in this paragraph is derived from 
Shepard, N., Krall, S., and Morris, H.»* 

»Bmg, K., Karioid-Z., 4. 232 (1909). 
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«• Repony, D., Rubber Age (N. Y.), 5, 5 (1919). 
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balloons be colored red or yellow to protect the mixture from light, ahd also that 
it be impregnated on both sides with Revertex mixture. Coe combines cWoro- 
phyll green with rubber in such manner as to exclude all wave-lengths of light 
except those transmitted between 5270 and 6500A.^®® 

Bonding Rubber to Other Materials. Livings and Lacey described a 
method of bonding unvulcanized rubber to metal, glass, or ebonite, by preparing 
a bonding surface on the rubber by exposure to ultraviolet rays. Rubber so treated 
may also be used to bond together materials of dissimilar or similar nature, such 
as metal and wood or metal and metal. The rubber is finally subjected to pressure 
and vulcanization. 

In joining vulcanized rubber compositions to metals, glass, molded phenol con- 
densation products, hard rubber, etc., Morse inserts a sheet of rubber compo- 
sition containing a vulcanizing agent such as sulfur, zinc oxide and glue. To 
reduce tackiness one surface of it is previously exposed to light from a carbon arc 
for a period sufficiently beyond that at which the tackiness of the rubber may be 
increased. It is inserted between the materials to be joined, with the unexposed 
surface of the sheet adjacent to the first-mentioned rubber composition and the 
sheet of rubber composition is vulcanized in place. 

Chlorinated Rubber. In a patent for the production of plastic products 
from india-rubber, Dyche-Teague states that rubber which has been thoroughly 
depoly merized by milling is dissolved in a suitable solvent (carbon tetrachloride or 
benzene) and then chlorinated. Additional depolymerization prior to chlorination 
may be effected by subjecting the solution to actinic light. Distillation removes 
the solvent and hydrogen chloride. The reaction product, which may contain SO 
to 60 per cent of chlorine, forms fluid solutions which afford alkali- and acid- 
resistant lacquers or paints. 

It has been said that chlorinated rubber prepared in the laboratory, besides 
being resistant to acids, alkalies, corrosive salts and strong oxidizing agents, is 
unaffected by ultraviolet light. 

In the preparation of chlorinated rubber chlorine is introduced into solutions 
of rubber of a concentration of 2 per cent or less and of low viscosity, and the 
resulting rubber chloride solution is gradually poured into hot water in which is 
immersed a disintegrating apparatus whereby the solvent is evaporated and the 
chloride is reduced to the granular state. Prior to adding it to water, the solution 
may be reduced in viscosity by standing, exposure to light, or by the addition of 
alkali. The time for chlorination is also greatly ^reduced by irradiation.^^^ Subse- 
quent to chlorination, the product may be further irradiated (sunlight or mercury 
arc) until the desired viscosity is reached. 

By the use of ultraviolet rays, Floresco increases the concentration of rubber 
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British P. 400,898, Nov. 2. 1933, to Chemischc Fabrik Buckau; Chem. Abs., 28. 2219 (1934). 
French P. 768.157, Aug. 1, 1934, to Chcmxsche Fabrik Buckau; Chem. Abe,, 29* 640 (1935); 
MoUney, E., German P. 660,524, May 28, 1938; Chem. Abs., 32, 6905 (1938). 

usjtoresoo. N., French P. 768,632. Aug. 10, 1934; Chem. Abs., 29, 640 (1935); Floresco, N.. and 
Pfrunder, N., Fmoh P. 787.212, Sept 19, 1935. 
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solutions to bo halogenated without increasing their viscosities. The rays were 
said also to activate the halogenation and increase the stability of the products 
formed. 

Buisov, Molodenskii and Mikhailov stated that a chlorinated rubber con- 
taining SLl per cent of chlorine did not disintegrate in ten hours of exposure to 
ultraviolet rays. A freshly prepared rubber solution which had been irradiated 
for six hours gave after fifty minutes of chlorination a product with 68.2 per cent of 
chlorine. On the other hand, a solution of rubber containing 10 per cent of ben- 
zoyl peroxide after irradiation for eight hours and chlorination for one hour gave 
a product containing only 40.2 per cent of chlorine. This was unstable to light 
and heat. They conclude that the rubber must be disaggregated but not oxidized 
if it is to yield a good chlorinated product.^^*^ In discussing the use of chlorinated 
rubber in lacquers, Rosenthal and Schulze state that because of the action of 
ultraviolet rays upon this product, only pigmented films are of practical use. They 
recommend titanium dioxide, chromium trioxide green, iron oxide pigments and 
graphite. Among other substances proposed to be added in amounts up to 
S per cent to increase the light- stability of chlorinated rubber are dicyclohexyl- 
amine, ditetrahydrofurfurylamine, methyleneainmoacetonitrile, cyclohexylamine- 
formaldehyde, cyclohexylamine acetonitrile, tetramethylthiuramdisulfide, diphenyl- 
guanidine and dihydroxydiphenylpropane. Campbell and Reed find 4-hydroxy- 
2-methyl-N-phenylmorpholine the best of six new N-phenylmorpholines in protect- 
ing rubber from staining after artificial illumination. Baxter finds that plasti- 
cizers absorbing wave-lengths shorter than 3100A, such as dibutyl plithalate, 
stabilize chlorinated rubber and protect it from discoloration by light. Ethylene 
oxide is also recommended by Becker.^^^ 

Ultraviolet light is used by Laurin and Bidot in the preparation of a sub- 
stitute for rubber. To a mixture of glue as hydrogel with gum tragacanth and 
wood dust there are successively added: glycerol, vegetable oils, such as castor or 
colza oil, a resinate treated with formaldehyde, a resin solution such as a solution 
of Bakelite in naphtha, potassium dichromate, and potassium alum. Each addition 
is followed by a homogenization and the mass is kept in darkness from the time 
the potassium alum is added for a variable time subsequently. Pieces of the 
product obtained are exposed to ultraviolet rays to effect stabilization. 

i^Butsov, B. V., Molodenskii, V. S., and Mikhailov, N. I , Rubber Ind. (VS S.R,), 11, 44 (1934); 
Ch 0 m. Abs.. 29, 953 (1935). 

For the action of ultraviolet on chlorinated rubber, sec .alsio Synthetic and Applied Finishes, 65 
(1934). 

^Rosenthal, L., and Schulze, G., Farhen^Chem., 5, S3 (1934); Brit. Chem. Abs., B, 636 (1934). 

^British B. 437,304, Oct. 22, 1935, to Wingfoot Corp.; Chem. Abs., 30, 2422 (1936). British P. 
479.464, Feb. 7. 1938; Chem. Abs., $2, 5256 (1938), 

Campbell, A. W., and Reed. M. C., Ind. Eng. Chem., 28, 656 (1936). 

Baxter, J. P., Chemistry and Industry, 407 (19M) ; Chem. Abs., 31, 4531 (1937). 

Becker, W., Rubber Tach, Conf., London, Preprint No. 96, May, 1938; Chem. Abs., 32, 8192 (1938). 

^Launn, L., and Bidot, E., U. S. P. 1,969,932, Aug. 14, 1934; Chem. Abs., 28, 6348 (1934). 



Chapter 32 

Textiles, Paper and Dyestuffs 

Coarse yarns are less affected by light than are fine ones, because in the former 
the outer layers protect the inner strands.^ Of the various fibers, Barr found silk 
to be more affected by light than cotton, but wool much less than either. Artificial 
silk is affected less than cotton. 

Simola ^ found that expOvSure to sunlight through a double glass window for 
five warm months reduced the tensile strength of cotton 17.8 and of wool 7.3 
per cent. The stretching properties were reduced an average of 12 per cent for 
cotton yam and 37.7 per cent for worsted yarn. Fine-fibered wool suffered more 
than coarse- fibered.^* 

Expressed as the hours of sunshine required to cause a loss of 50 per cent in 
tensile strength, the order of deterioration of various textile fibers is as follows : 
silk (200), jute (400), artificial silk (900), cotton (940), flax (990), hemp 
(1100), raw wool (1120), chromed wool (1900). In this evaluation, the varying 
thicknesses of the textiles were not taken into account.® 

Moisture, contrary to previous opinions, favors the deterioration, especially in 
the case of wool and bast fibers. The purer the atmosphere, the less is the 
destruction. 

Waentig ^ found the tearing strength of wool practically unaffected bv sun- 
light or by rays from a quartz mercury lamp, the washed fibers being slightly more 
sensitive than the raw wool. Carver ^ recommended ultraviolet radiations for 
testing fabrics used in automobiles. 

It has been proposed to increase the resistance of textiles to ultraviolet light 
and water® by subjecting them to the successive action of a tanning solution con- 
taining a wetting agent (5 per cent catechu and S per cent Tetraconite, a mixture 
of Turkey red oil, pyridine and tetrachloroethane), a mordanting solution (5 per 
cent lead acetate) and an oiling solution containing an aldehyde or ketone (5 per 
cent linseed oil in tetrahydronaphthalene with 2 per cent paraldehyde) to control the 
rate of oxidation during drying. 

Cotton and Cellulose. Little is yet known as to the wave-lengths which 
are required for the destruction of cotton or cellulose. Barr maintained it to be 


^ Barr, G., Trans. Faraday Sor., 30, 284 (1924); Waenlig, P., Z. angnv. Chem., 36, 357 (1923). 

® Simola, E. J., TeknilHnen Aikakaustehtt. 23, 326 (1933); CA4ftn. Abs., 28, 647 (1934), Acta 
nica, 6A, 126 (1933). 

*» Mercerized cotton lost 13.7 per cent in ten’iile strength and 27.3 per cent in elasticity. 

® Sommer, H., Chem. Ztg., 51, 777 (1927). Later, with Heermann, Leipzig Manats. Textilind., 
40, 207 (1925) the order is given as: mmeral weighted silk, raw silk, jute, raw and bleached cotton, 
raw wool, mercerized cotton, nitro- and viscose rayons, chromed wool, bleached flax yam, cuprammonium 
rayon, raw flax yam. 

* Waentig, P., Z. angtw, Chem., 36, 3 5 7 (1923)# Sec also J. Sac. Chem. Ind., 39, 512A (1920); 
Vignon, L., Ibid., 482A; 42, 82SA (1923). 

® Carver, W. L., Aniomaiive Industries, May 8, 1011 (1924), 

•British P. 263,102, Nov. 4, 1926, to Albert Meyer-Sans Boeuf Co.; Brit, Chem. Abs., 192TB, 746. 

Barr, G., Trans. Faraday Soc., 30, 284 (1924). 

•Kauffmann, H., Textilber., 7, 617 (1926); Chem. Abs., 20, 3352 (1926). 
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dm diicfly to wave-lengths shorter than 4000A. Kauffmann* finds the region 
about 3500A probably eifective, and states that visible light is without action. 

Notwithstanding a considerable amount of work, the question as to whether an 
oxidation Is involved cannot yet be said to have been definitely settled. Dyer and 
Dor^e,® who reviewed some of the earlier observations, concluded that ultraviolet 
rays convert cellulose into oxycellulose with complete loss of tensile strength, a 
view shared by Barr,^® and by Aston,^^ 

A new point of view was introduced by Kauffmann, who believed the deterio- 
ration to occur independently of the presence of oxygen and without any change 
in Weight He concluded that the recognized formation of oxycellulose is preceded 
by the production of a compound **photocellulose,” the formation of which does not 
involve oxidation. Like oxycellulose, the ‘'photocellulose’^ reduces silver salts or 
Fehling^s solution and shows a yellow color with caustic soda and phenylhydrazine. 
It is soluble in sodium hydroxide solution and has the formula CeHioO®. 

The action of ultraviolet light during the sun bleaching of cotton leads to the 
production of "photocellulose,’' the formation of which can be followed by a method 
involving the use of potassium permanganate. In cotton fabrics exposed for 45 
days, 1 to 2 per cent of "photocellulose” is produced. The observed increased 
affinity of the exposed cotton for methylene blue was not, however, ascribed by 
Kauffmann to the presence of "photocellulose.” This view is accepted by Sommer,^® 

Barr and Hadfield,^^ however, concluded that an oxidation is involved. No 
significant change took place when strips of cotton cloth were exposed for six 
months to sunlight in sealed glass tubes containing hydrogen or about two- thirds 
saturated with water vapor. Similar exposure in tubes containing oxygen resulted 
in a considerable loss of strength, an increase in reducing power as shown by the 
copper number, and the production of carbon dioxide and carbon monoxide and 
perhaps hydrogen. The reaction was more rapid in the presence of moisture. 
There was a rough parallelism between the copper number and the quantity of 
carbon dioxide produced. With increase in the time of exposure, there was a 
continuous decrease in strength and of the viscosity of cuprammonium solutions 
prepared from the exposed cotton. The methylene blue absorption by the cotton 
showed first a fall and then a slow rise. In general, the modification of cotton 
produced by the light corresponded to that formed by mild oxidation with chlorine 
water. Cotton cloth previously steeped in O.OOliV' sulfuric acid is more highly 
reducing and shows a greater production of carbon dioxide under the same con- 
ditions of exposure. Precipitation of ferric hydroxide on the cotton before expo- 
sure results in an increased attack by the light, but lessens the formation of carbon 
dioxide. 

These workers recognized, however, that at least two reactions may occur 
during the exposure of cotton to sunlight. Both are accompanied by a loss of 
strength and the development of reducing power. One reaction, however, pro- 
duces much less carbon dioxide than the other, and is catalyzed by iron. 

•Dycn T., and DoriSc, C., /. Soc, Dyers ColwHsts, 33, 17 (1917); Chem, Abs., U, 1753 (1917). 
See also senenrer, A., BmW. Soc, Mulhouse, SO, 324 (1912). A recent review is given by C^dy, W, H., 
Am, Dyestuff Rept., 27 (Proe. Am. Assoc, Textile Chem. Colorists), p. 325 (1938); Chem, Abs., 32, 
5632 (1938). 

5^ Barr, G., Trans, Faraday Soc,, 20, 284 (1924). 

« Aston, F, W., Report on the Action of Sunlight on Aeroplane Fabrics T1019, British Advisory 
Committee for Aeronautics, 1917. 

» Kauffmann. H., Texiilber,, 7, 617 (1926); /. Soc. Chem, Jnd., 817 (1926); Chem, Ahs., 30, 33S2 
(, 1936 ). 

If Sommer. H., Chem, Ztg., 51, 777 (1927). 

Hadfield, I. H., /. TextUe Inst,, Special Issue, 18, 490 (1927); Chem, Ahs., 22, 
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The dctcriomtion of linen also appeared to be the result of oxidation. Loss 
of strength occurred most rapidly in oxygen, less s6 in air, and was m^ligible 
in hydrogen, carbon dioxide or a vacuum. 

According to Sharvin and Pakshver,^® exposure of bleached, ether-extracted, 
washed and dried cotton in sealed tubes with oxygen to sunlight showed a simtiL 
taneous formation of oxycellulosc, carbon dioxide and water. During the earlier 
part of the process, there seemed to be a definite relation between the amounts 
of carbon dioxide and of oxycellulose formed, although it could not be expressed 
stoichiometrically. Upon continued exposure, the carbon dioxide formation 
decreased, but the oxycellulose appeared to undergo a further oxidation. In addi- 
tion to the formation of carbon dioxide and water, there were produced compounds 
which had the odor of furfural but did not give its reactions. The fabric lost 
both in strength and in weight. 

Ditz concludes that more work is necessary to explain the mechanism of the 
degradation of cellulose, an especially important reaction in the ‘‘grass-bleaching'^ 
of fabrics. Dumas reviews the analytical methods employed in such investi- 
gations. 

It has recently been noted that the sorption of iodine from the vapor phase 
by cotton is greater after the cotton has been irradiated by ultraviolet light. Wil- 
liams observed that cotton or viscose yarns when deteriorated by excessive 
bleaching or ultraviolet irradiation, lose much of their remaining strength, when 
wet. The ratio between wet strength and air-dry strength appeared to be a 
function of the degree of deterioration. 

When exposed to the quartz mercury-vapor lamp, cotton hairs lose strength at 
a constant rate until the tendering amounts to about 40 per cent; the rate then 
diminishes.^® Over a small range, the rate of tendering is proportional to the inten- 
sity of the light. Cotton hairs of different origin exhibit specific differences in their 
susceptibility to light tendering. The proportional loss of strength of yams is 
about half that of hairs fully exposed under the same conditions, the hairs in the 
yarns being tendered to the same extent as the yams. Bleached cotton is more 
rapidly tendered than raw. Material dyed with chrome green is much more resis- 
tant than the undyed scoured material. Ferric hydroxide has a slight protective 
action. Cloth-dyed mineral khaki is as resistant as the chrome-dyed material, the 
effect being such as to extend the life of fabrics subject to strong illumination to as 
much as five or six times that of untreated materials. Organic dyes modify the 
rate of tendering of cotton by light, some favorably and others unfavorably, but the 
effect is never as large as that of chromium hydroxide. 

Experiments conducted for the British Government indicated that heavy cotton 
and linen tent fabrics are much less affected by sunlight than are the light and less 
exposed fabrics used in airplane and airship construction. Although such pig- 
ments as lead chromate diminish the deterioration by light, others, such as the 
stannates, tungstates and sulfides frequently used in fire proofing, accelerate it. 
Waterproofing frequently, but not always, has a beneficial action, depending on the 
process and materials used, the climatic conditions and the exposure. 

^ Shanrin, V. V., and Pakshver, A„ Z. anpew. Chem., 4t, HS9 (1928) j Chem, Abs., 25, 3080 (1939). 

H., Z, anpew, Chern,, 40, 1476 (1927). 

w tlumas, M. J., Rev. pen. mat. color., 41, 149 (1937). 

’^Bautcl, E., and Kutzalnigg, A., Monatsh., 64, 41 (1934); Chem. Abs., 28, 3591 (1934), 

“Williams, J. a, /. Soc. Dyers Colourists. 48, 167 (1932); Chem. Abs., 26, 4477 (1932). 

^ “Cutililfe, P. W., Farrow, F. D., and Midglcy, E., I. Textile Inst, 19, I69T (1928); BHt Cham, 
Abs,, B, 563 (1928). 

» Hunter, J. A., TasMa World, 69 , 309, 31S (1936); Chem, Ahs„ 20, 827 (1926). 
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After SOO hours in sunlight, 35 white and dyed cotton fabrics tested by Grimes 
showed losses in breaking strength of 18 to 49 per cent in the warp and 34 to 65 
per cent in the filling. The mercerization of the Everfast suitings and broad- 
cloths tested increased their resistance to tendering. In eight of fifteen dyed fab- 
rics tested, less breaking strength was lost than in undyed fabrics. The time of 
exposure had far more efiFect on the loss of strength than had the temperature and 
relative humidity. Spectrophotometric analysis showed that sunlight affected the 
color of all white and dyed fabrics tested. The white ones became increasingly 
yellow with increased exposures. 

The resistance of 'Tobacco cloth” to sun and rain may be improved by letting 
an acidulated solution of lead acetate penetrate it and then treating it with a solu- 
tion of sodium dichromate so as to form lead chromate on the fibers.^^ 

Anthracene yellow GC and Chrysoidine have been found unsatisfactory for the 
protection of cotton from deterioration by light.^^ 

Cotton and viscose silk materials dyed with one of a large number of orange 
and yellow vat dyes (Indanthrene Yellow G and Alizanthrene Yellow 6R 
excepted) if exposed to light and air immediately after dyeing while the dye is in 
its leuco condition, become tendered by oxidation.-*' The dye itself may also be 
simultaneously oxidized, with consequent partial or complete decolorization. If a 
second dye is present (especially Ciha Blue 2B), this may be oxidized in prefer- 
ence to the cotton or the first dye. These effects also are produced when the dyed 
fabric is oxidized in darkne.ss before exposure to sunlight or a Fade-Ometer, but 
are not produced if again washed before exposure. Tendering occurs if the washed 
fabric is further impregnated with a dilute solution of caustic soda containing 
sodium hyposujfite or hydrogen peroxide and then exposed to light and air By 
means of the starch iodide test it was shown that an active oxidizing agent, 
probably hydrogen peroxide, was formed during the oxidation of cotton dyed with 
Cibanone Yellow R. Certain direct dyes, including Diamine Fast Yellow and 
Chlorazol Fast Orange R, behave similarly to vat dyes in promoting tendering. 
The tendering of cotton when so exposed is rapid and may be serious in large- 
scale dyeing. For example, cotton fabrics lifted successively five times (ten 
minute exposure each time) from the dye liquor and exposed to light and air 
while being dyed with 20-pcr cent Cibanone Orange R had copper numbers of 
0,2. (original fabric), 0.3. (dyed fabric not exposed), and 0.7, 1.3, 2,5, 1.7 and 
1.75 (after five successive expo.sures). Viscose silk is particularly susceptible 
to tendering under these conditions. The destructive action of sunlight is not 
appreciably affected by transmission through plate glass a quarter of an inch thick 
or didymium glass opaque to yellow light. 

A fading product of Ciba Blue 2B dyed on cotton, isolated by Scholefield, 
Hibbert and Patel, appeared to be dibromoisatin. The fading products from 
cotton dyed with methylindigo gave the reactions of o-methyli satin. Ilihbert 
also impregnated calico, wool and cellulose acetate silks with 1 ,2,4-trihydroxy- 
anthraquinone Purptirin. After 60 hours of exposure to the Fade-Ometer, a 
substance was extracted by carbon tetrachloride which was found to be a mix- 

»* Grimes, M. A., Tex€ts Agr. Sta., Bull. 506, 5 (1935); Chem. Abs,, 30, 291 (1936). 

“Rhodes. C. H.. U. S. P. 2,026,190; Chem. Abs., 30, 1247 (1936). 

“ KaufhnaQn, H., Textileber, 7, 617 (1926); Brit Chem. Abs,, t926B, 817. 

» ScholefieW, F., aod Patel, C. K.. /, Soc, Dyers Colourists, 44, 268 (1928); Brit, Chem, Ab,t., B, 
811 (1928); /. Soe, Dyers Colourists, 45. 175 (1929); Chem, Abs., 23, 4824 (1929). 

4* Scholefield, F., Hibbert, E., and Patel, C. K., i. Soc. Dyers Colourists, 44, 236 (1928); Chem, 
Ahs., 22. 3780 (1928). 

“Hibbert* E., J. Soc., Dyers Colourists, 45, 204 (1929); Chem, Abs., 23, 4824 (1929), 
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ttire of phthalic acid and phthalic anhydride. In:^>regiiation of calico with 
phthalic acid and its anhydride followed by exposure to the Fade-Ometer^ and 
extraction with alcohol and carbon tetrachloride was found to increase its affinity 
for methylene blue. Tables showing the manner in which various dyes catalyze 
the tendering action of sunlight on cotton have been given by Vashist^® 

Haller and Wyszewianski investigated the sensitization of the photodecompo- 
sition of cotton by a series of vat dyes by exposing 25 per cent®^ dyeings on 
10 gm, of heavy cotton calico to sunlight at a 45® angle to the south under 2 tnm. 
of Ultravit glass. The loss of tensile strength was 9 per cent in white bleached 
calico after 130 normal bleaching hours. When treated with various anthra- 
quinone intermediates, the corresponding losses were; anthraquinone, 27 per cent; 
2-methylanthraquinone, 46 per cent; 1-cMoroanthraquinonc, 32 per cent; 2-chloro- 
anthraquinone, 41 per cent; 1-aminoanthraquinone, 17 per cent; 2‘aminoanthra- 
quinone, 18 per cent; anthraquinone- l-sulfonic acid, 13 per cent and anthraquinone- 
2-suIfonic acid, 20 per cent; anthraquinone- 1,5-disulfonic acid, 24 per cent. Graphs 
showed a decrease of as much as 40 per cent in the tear strength of cotton dyed 
with certain anthraquinone dyes after only 79 normal bleach hours, the dyeings 
varying from 0.05 to 1.0 per cent. Henk‘^^ believes that in such cases the deterio- 
ration involves oxidation. It depends on the temperature, fiber structure and the 
presence of hydroxyl, amino or imino groups. The destructive process is hastened 
by such catalysts as the metal compounds in sizes and after-treatment, particularly 
chromium and copper salts, impure water containing manganese and nickel, and 
the titanium dioxide used in the manufacture of delustered rayons. 

A method of producing light and elastic threads or cellulose cloths consists in 
impregnating them with the chlorates, bromates or iodates of metals of the second 
periodic group. These, under the influence of photoactive rays (but not ordinary 
light) degrade the fibers.'^^ 

Pacini has made the claim that the tensile strength of cellulosic materials such 
as cotton may be actually increased by subjecting it to ultraviolet radiation controlled in 
a special manner to prevent the formation of detectable oxy cellulose.®* 

Paper and Wood Pulp.^'"* The bleaching of wood pulp, ])aper products or 
cotton textiles by chlorine is accelerated both by light and by increased tempera- 
tures. It is usually cheapest to depend upon the thermal reaction alone, but in 
certain cold climates where fuel is expensive, attempts have been made to employ 
artificially produce<l ultraviolet light for aiding the process. Escourrou investi- 
gated the accelerating effect of a mercury- vapor lamp. Although the process could 
be carried out at a lower temperature, more chlorine was used, owing to the 

»»Vasbist, S. D., Indian Textile J., 42, 376 (1932); Chem. Ms., 27, 192 (1933). 

» Haller, R., and Wyszewianski. L., Mclliand. Textilber., 17, 45, 138, 217, 325 (1936); Chem. 
Abs . 30. 65 66 (1936). 

“oWahl, A., [Rev. gen. mat, color., 38, 2 1 7 (1934); Chem. Abs., 28, 4910 (19.34)] links the dcstnac- 
tive action of the dyes with an absorption band at about 3300 to 3700 A. 

Henk, H. J,, Monatschr. Textilind,, 51, 186 (1936); see also E. Baur, Hclv. Chim. Acta, 20, 
879 (1937). 

French P. 803,145, Sept. 23, 1936, to Comptoir des textiles artificiel, Chem. Abs., 31, 2837 (1937). 

•“Pacini, A. J., U. S. P. 1,948,276, Feb. 20, 1934, to Millprint Products Corp. ; Brit, Chem. Abs., 
B. 1053 (1934), 

•* For the ahs»orption of cellulose films In the extreme ultraviolet (800A.), see O’Bryan, 11. M., 
/. Opt. Soc. Am., 22, 739 (1932). It has been shown that the change in absorption of alkali cellulose 
ditrtng xanthogenation may afford a method for following the progress of the process. Atsuki, K., and 
Sobue, H, /. Soc. Chem. Ind. Japan, 36, Suppl. binding, 589 (1933); Chem. Abs., 28, 710 (1934). 

•® Data on the absorption spectrum of lignin have been given by Herzog, R., and Hilmcr, A , Ber., 
64B. 1288 (1931); PaMer Fabr, Tech. Wiss. Teil, 30, 205 (1932); 29, 4-S; Chem. Abs., 26, 4309 (1932); 
Hilmer. A., Ber., 66B, 1600 (1933); Hsgglund, E., and Klingstedt, F. W., Z. physlk. Chem., 152A, 
295 (1931); Stamm, A, J„ Semb, J., and Harris, E., /. Phys. Chem., 36, 1574 (1932). 

'^Escourrou, R., Chimie et industrie, 19, 989 (1928); Brit. Chem. Abs., B, 168 (1929); Pulp Paper 
Mag. Canada, 36, 1549 (1928); Chem. Abs., 22, 4791 (1928). 
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increased formation of chlorates which play no part in bleaching. Furthermore, 
the cellulose, as well as the non^cellulosc impurities in the wood pulp paste, was 
attacked. The material thus obtained was rich in oxy- and hydro-cellulose, as 
shown by its enhanced copper number. The a-cellulose content fell and the jS* and 
y-ceHulose content rose. Although this is not important in paper-making, it is a 
disadvantage when the material is to be employed for making viscose and certain 
kinds of cellulose nitrate. This effect is observed only when chlorine bleaching 
agents are used, but not with ozone or hydrogen peroxide. In knot-pulp, the use 
of ultravicdet light in conjunction with hypochlorite bleaching did not exert a 
deleterious action, presumably because the chlorine reacts more readily with the 
ligneous constituents than with cellulose. 

According to Edge and McKenzie,®^ light causes two changes in paper pulp, 
a yellowing and a fading or whitening. Sunlight causes a definite yellowing in 
three hours, and whitening only after about two weeks. The latter effect may be 
due to a bleaching of pulp constituents not removed in ordinary bleaching. Dis- 
coloration is more rapid at 90 per cent than at 30 per cent relative humidity, and 
is great for samples exposed to the sun’s heat while shielded from its light. Yellow- 
ing by a mercury arc varies with the age of the lamp. 

Wahiberg®® believed illumination to effect a saving of bleaching liquor and of 
steam about equal to the cost of the light, but found application difficult because 
the light affects only the surface. Hirschkind, Fye and Thompson obtain good 
results with a mercury arc, provided rays shorter than 3000A are removed since 
these are harmful to cellulose. Wave-lengths longer than 4000A are ineffective. 
The best range is 3500A^® to 38S0A. 

Attempts at standardizing the test for the light-resistance of various fibrous 
paper-making materials have been made by Kovalevskii.**^ An ordinary carbon arc 
produced after 80 to 100 hours changes in the resistance to breaking of paper and 
fiberboard that were too slight to be of use in the rapid laboratory testing of these 
substances. However, a Sperry carbon arc (ISO amps., 79 volts, 950,000 c.p.) gave 
satisfactory results in exposures of twenty hours at 1.3 meters, in the case of sheets 
from unbleached sulfite pulp, sulfate kraft, straw pulp, mechanical wood pulp, linen 
rags, cotton, spruce, jute and a mixture of 60 per cent wool and 40 per cent kraft. 
All materials showed a decrease of 15 to 59.5 per cent in the resistance to breaking, 
with unbleached sulfite the most and jute and the two straw stocks the least 
affected. This contradicted a prevalent idea of the excessive destructibility of 
materials derived from lignified fibers. The stretching power of raw materials 
was impaired, but to a lesser degree than the resistance to breaking. Mechanical 
wood pulp and wool showed an increase in the stretching ability. The tests showed 
that in the process of aging by heat and light, all grades of paper undergo an 
insignificant change in their tearing length, and that this factor is less characteristic 
of the physical changes than is the resistance to breaking. The sorption of anthra- 
cene oil on raw materials was but little affected, except that that of wood pulp and 
wool was slightly improved. 

The reflection of ultraviolet light by paper is not very different from that of 

"Edge, S. R. H., and McKenzie, H. M., Proe. Tech. Sect. Paper Makerp Assoc, Cr, BrU., Ire- 
Umd, 17. Pt 2. 437 (1937); Cherrt. Abs., 31, 4113 (1937); Bakker, H., Ckem. tVeekblad, 34, 543 (1937); 
Chem. Abe.. 32, 3958 (1932). 

"WaUberg, H. E., Ind. Poppers Tid., 38, 481 (1934); Chem. Abs., 28, 7008 (1934). 

, "Hinchkind, W., Pye, D. J., and Thompion, E, G., Paper Trade lOS, TAPPI Sect. 268 (1937); 
$rit. -Ckem. Abs.. B, 147 (1938). 

^,1*HiridUrind. W., Pye, D. J., and Thompion, E. G., Paper Trade J.. 105, No. 18. 118 (1937); 
CW Abe., 32. 772 (1938). 

«S«valcyaka, I. I., Bstmaehnaya Prom., 14, No. 2, 13 (1935); Chem. Abs., 29, 5264 (1935). 
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ordinary %bt^^ Papers water- and oil-proofed by vinyl resins are more readily 
penetrated by ultraviolet light than ordinary paper>® When paper contaijiiii^ 
resins is exposed to the sun, it tends to become yellow and soluble in cold weak 
alkalies or waten**^ The results may differ when artificial ultraviolet light sources 
are employed and these should be used only in the absence of sunlight. Bleached 
and unbleached rosin darkens in light, and ferrous resinates and rosin sire, if 
contaminated with ferrous iron, arc also light-sensitive. Ferric resinates, aluminum 
resinate and sodium resinate have no ability to cause yellowing of paper in %ht 
Oguri,^^ in giving data on the increase in the copper number of filter paper, 
tissue paper and viscose rayons which follows exposure of these products to the 
rays of a quartz mercury arc, attributed it to the action of ozone formed by the 
lamp. Aldehydes appeared to be formed even in the absence of oxygen. Brom- 
ley noted that when pulp-sized paper of good quality and free itrom resin is 
irradiated by the mercury arc, it rapidly loses its property of ink resistance, and 
the surface color degrades to a brown shade. He believed the browning to be 
a function of the gelatin present, which he found to be degraded to simpler products. 

Most studies of the deterioration of paper by light have been made in sunlight 
Richter found that after 50 to 100 hours, the sacrifice in tear strength and tensile 
strength was in general slight in comparison with the loss in folding endurance, 
even though the fold strength of the sample tested had been originally greatly 
enhanced by the application of glue. Rosin- and starch-sized papers were at least 
as sensitive to loss in writing qualities as were glue-sized papers. The protective 
effect of glass was marked in the case of papers made from purified wood fiber and 
sulfite papers were partly protected, but newsprint deteriorated as rapidly under 
glass as when exposed directly. When purified wood fiber papers under glass in 
hydrogen were exposed to sunlight, there was apparently no degradation. Sulfite 
papers under these conditions showed a loss in fold strength, although the copper 
number did not increase. When similar papers were exposed under glass with 
oxygen, they retained 78 and 38 per cent, respectively, of their original fold 
strengths. Changes in the copper number were in the same order. When air was 
substituted for oxygen, the fold strength retentions were 90 and 58 per cent, 
respectively. Neutral mineral oil coatings did not protect papers from oxidation 
in sunlight. A glycerolated paper was somewhat less sensitive. Surface sizing 
with various waxes and starch caused no improvement and rosin was definitely 
harmful. A coating of regenerated cellulose, prepared by means of properly 
applied viscose solutions, was advantageous both for fold strength and for fold 
retention. Sodium stannate appeared to have a protective action but deterioration 
was hastened by the presence of sodium molybdate or of iron compounds, at least 
in a water- leaf purified wood-fiber sheet. Water-leaf papers lose from one to two 
per cent in weight when exposed a hundred hours on each side. In wood veneer 
strips, the changes in copper number are very great and in the case of poplar 
wood a marked delignification takes place. 

M., Papier, 38, 1083 (1935); Chem. Abs , 30, 2379 (1936), 

"Ohl, r,,Wochlhl. Papier-Pahr., «7, 5 (1936); Chem, Abs., 30, 2755 (1936); see also I., 

Bumaffhnia Prom., No. 12 (1924); 14, 12 (1935). 

*+Manm, M„ BoL stag. spot. Carta, 6, 16 (1927); Chem. Abs., 21. 2188 (1927), 

** Kimberly, A. E., and Hicks, J. F. G„ Bureau Standards J. Research, 6, 819 (1931). 

S., /. Soc. Chem. Ind. Japan, 37, 620B (1934); Chem. Abs., 29, 3 241 (1935); for tkt 
effects of various swrroundinif oxygen concentrations, see Oguri, S., and Yamaguchi, T., J. Sac. Chim, 
Ind. Japan, 40, 300B (1937). Oguri, S., and Takei, M., [?. Soc. Chem. Ind., 41, 3 (1938)3 find ottly 
wave-lengths less than about 3640A effective. 

•’Bromley. H. A., Analyst, S8, 29 (1933). 

••Richter, O. A.. Ind, Bng. Chem., 27, 177. 432 (1935). 
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Red, irreen, lemon-yellow, dark brown-yellow and light brown-yellow window 
glasses each afforded some protection when papers (double-sized rag, rosin-sized 
papers from 50 per cent rag and 50 per cent sulfite pulp and pure sulfite paper) 
were exposed to direct sunlight for 523 hours or to diffused sunlight for 767 hours. 
The degree of protection depended upon the extent to which the filters removed 
the shorter wave-lengths, the range between 4600 and 4000A being strongly injuri- 
ous. The yellow, green, and red glasses afforded practically the same protection.'*® 
The brown-yellow glasses gave the least protection, since both of them transmitted 
some wave-lengths down to about 3300A. 

jBlaisdell and Minor studied the aging properties of a very white facial tissue 
made of highly bleached wood fiber and of a cream-colored toweling of under- 
bleached sulfite wood fiber, by determining the copper number and absorbent 
properties before and after exposure for one hour to a Victor ultraviolet lamp at 
a distance of ten inches at 38° C. The original copper numbers of papers of this 
type gave no clue as to their permanence, A large change in this test may be 
considered as indicative of a rapid loss of absorbent properties on normal aging. 

A method advocated by Wright*'*^ for waterproofing paper consists in impreg- 
nating it with a solution of gelatin, casein, or similar protein, and bichromate of 
potassium or sodium. On exposure to the rays of a quartz mercury arc, the protein 
becomes insoluble and the paper is strengthened and made waterproof. The solution 
may also be added to paper pulp and the irradiation carried out after sheeting. 

Ruderman®^ coats paper with a suspension of dry starch and sulfur in cold 
water and then exposes it to ultraviolet light. 

Considerable application has been made of fluorescence in filtered ultraviolet light in 
the analysis of papers and paper-making materials but the discussion of this topic lies 
beyond the scope of this book.” Testi®^ states that with rays of 3000 to 4000 A, sulfite 
cellulose yields a color not caused by lignin, sulfur or lignosulfurous materials, but by 
an unknown principle in wood and its bark which resists various chemical treatments. 
White papers containing cotton, linen and hemp fibers assume a Ugbt-yellow color* and 
paper from chemical cellulose a white color with slight yellow tinge, and paper prepared 
chiefly from mechanical wood pulp, an intense violet color. 

In testing the water resistance of paper by a method of this type, Grant® grinds 100 
gm. of icing sugar, dried at 100® C., in a mortar with 0.5 gm. of Rhodamine 6G and 
sprinkles it from a bottle through 70-mesh bronze gauze on the specimen (2 sq. in.) 
floated on distilled water at 21 ®C. The time is taken with a .stop-watch until, in a dark 
room, the upper surface of the paper irradiated vrith filtered ultraviolet first exhibits a 
bright golden fluorescence. This means that the water has just penetrated the paper, 
causing solution of the dye.stuff. 

Artificial Silk. Grempe®® states that in the weathering of rayon and silk 
fabrics, the destruction takes place on the surface exposed to the light. It is due 
to both water and the ultraviolet rays of the sun. These fabrics lasted for about 
half a year when exposed to the weather, Huezel has given curves showing the 
effect of exposure to ultraviolet light on the strength of textile fabrics prepared 


«>K6hler, S., Tek. Tid. Uppl. C Kemi, 49 (1935); Chem, Abs., 29, 6379 (1935). 

“Blaisdell, C. A., and Minor, J. E., Papt^r Ind„ 15, 512 (1933); Chem. Abs., 28, 2525 (1934). 
w Wright, W. L., U. S. P. 1,542,539. June 16, 1925; Brik Chem. Abs,, B, 627 (1925). 
MRudennan, A., U. S. P. 1,723,581, Aug. 6, 1929; Chetn. Abs., 23, 4 5 73 (1929). 

“For general diecussions, sec D^ribir^, M., Papier, 38, 637 (1935); Chem. Abs,, 29, 7652 (1935); 
Grant, J., World's Paper Trade Rev., 103, 1463, 1.506, 1508, 1550, 1588, 1666 (1935); Chem. Abs., 29, 
5266 (1935); Lewis, S. J., J. Soc. Chem. Ind., 41 , 99R (1922). u m. ^ , 

“Testi, G., Raggi ultravioletti, 297, 1926; Chem. Abs., 22, 1472 (1928). 

“Grant, J., /. Soc. Chem. Ind., S3, 349T (1934): see also Noll, A., and Preiss, K., Papier^Pabr., 35, 
Tech, Tl„ 213 (1937); Chem. Abs., 31. 7248 (193#). , . ap er rao , 


“Grempe, P. M., Kunst-Seide, 9, 462 (1927); Chem. Abs., 22, 2469 (1928). 

“Httcscl. P.. Rayon gnd MelJiand TexiUe Monthly, 16, 161 (1935); Chem. Abs,, 29, 3170 (1935). 
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from viscose. The damage to viscose rayon is slightly greater in an atmosphere 
of 45 per cent relative humidity than in one of 65/ or 90 per cent®^ Acetate 
rayon deteriorates less than natural silk or other types of rayons.®® Among various 
protective agents tested, ^-methylumbelliferone and tannic acid were the most 
effective when test pieces were exposed to daylight through 3 mm. of ordinary 
window glass for 250 hours. Other protective agents, Tannigen FC, zinc salicylate 
and maleic acid, were found better when the acetate rayon was exposed to daylight 
through Uviol glass. Quercitin was best when the samples were exposed to the 
light of a mercury arc. The protective agents were used in 2 per cent solution, 
1 per cent being usually taken up by the fiber. Eichler gave the following results 
for the deterioration of various products. The first number is the percentage 
decrease in tensile strength resulting from six hours of exposure to the mercury 
vapor lamp and the second that after exposure of 250 hours to daylight through 
window glass; natural silk, 28, 62; cupranimonium rayon, 11, 57; viscose rayon, 
4, 35; acetate rayon, 35, 24; acetate rayon dyed black, 0, 1.2; acetate rayon dyed 
blue, 11, 17; acetate rayon dyed brown, 11, 13; unbleached cotton, 0, 0. 

In the preparation of a selvedge-resistant material. Malm and Fordyce form 
a sheet containing an ester of cellulose having an unsaturated acyl group such as 
cellulose tricrotonate and polymerize it by intense ultraviolet light for about five 
hours, or heat it to lOO^C. for at least 24 hours. 

The solubility properties of organic derivatives of cellulose may be modified by 
treatment with ultraviolet rays in the absence of oxygen.®^ 

Silk. The photochemical destruction of this fabric depends upon the pH at 
which the exposures are made/^- The maximum stability to the light of a glass- 
enclosed carbon arc is at about pH 10, the pH being measured in the aqueous 
extract of the sample. Above pH 11 and below pH 3, the stability decreases rap 
idly. In the intervening range, a minimum exists in the neutral region, indicating 
that the protein salts formed with small quantities of acid or alkali aie more stable 
than the pure protein. 

During the deterioration of silk in sunlight or north skylight, the ammonia 
nitrogen content is increased, as a result of oxygen attacking the silk under the 
influence of lighl.®*^ Saito found that exposure of silk fabrics to direct sunlight 
for 49 days gave a loss of 95.3 per cent of their tensile strengths. Against this, 
coatings of antioxidants had little effect. 

X-ray diagrams of unweighted silk appeared similar before and after exposure 
to an S-1 sunlamp, but photometric analysis indicated a decrease in fiber orienta- 
tion, causing the long fiber arc to expand toward the character of a powder 
pattern. I -ead -weighted silk underwent the greatest deterioration.®® Pure-dye 
and 25 i)cr cent tin- weighted samples slightly increased in tensile strength when 

** Negishi, M, Umesawa, H, and Mori, H,, Rayon World, 5, No. 7, 1 (1937); Chem. Abs., 52, 
4343 (1938). 

Eichler, A., Melhand Textilber., 16, 429 (1935); Chem. Abs., 29, 7084 (193i). 

Malm, C and Fordyce, C. R., U. S. P. 1,973,493, Nov. 9, 1934, to Eastman Kodak Co. : Brtt> 
Chem Abs., B, 737 (1935). 

Bincer, H., German P. 601,478, Aug. 16, 1934, to I. G. h'arbenind. A.-G.; Chem. Abs., 28, 7527 
(1934). 

Hams. M., and Jessup, 1). A., Bureau Standards J. Res., 7, 1179 (1931); Am. Dyestuff Reporter. 
20, 795 ; 23, 215 (1934). Cf. Tiotraan, S. R.. 7. Soc, Chem. Ind , 55, 325T <1936). 

«»Harns, M., Textile Ufg., 60, 420 (1934); Chem. Abs., 29, 4589 (1935); 7. Bur. Stands. J. Res . 
13, 151 (1934); Am. Dyestuff Kept., 23, 215 (1934); Chem. Abs., 28, 5675 (1934); Columbo, G., BoH. 
Htjuiale Stas. sper. seta, 4, 73 (1934); Chem. Abs., 31, 8204 (1937). 

** Saito, S., 7. Soc. Rubber Ind. Japan, 7, 92 (1934); Chem. Abs., 28, 3591 (19.34). 

®Biuner. E., and Goehring, M., Textile Research, 5, 231 (1935); Chem. Abs,, 29, 4948 (1935). 

*®Hess, K., and Bruner, E., Kansas Agr. Bxpt. Sta. Kept., 120 (1934); C/kw Abs., 30, 2765 (1936), 
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exposed to wave-lengths longer than 3400A, but 50 per cent tin-weighted silk 
showed little or no change under these rays. All samples showed the greatest 
deterioration when exposed to wave-lengths between 2600 and 3400A, or to the 
entire spectrum. In dyed silks^ color lastness was not in general suIBcient to 
withstand Kansas sunshine, although only one sample in thirteen faded by the 
Fadc-Ometer 

Sericin solutions are cleared and reduced in viscosity by ultraviolet light®® 

WooL Exposed wool no longer gives the von Allworden reaction.®® Meunier and 
Rey observed that neutral wool develops a rose-violet color when treated with the 
vapor or solution of quinone, but a deep brown if previously exposed to sunlight or 
ultraviolet rays, the wool becoming more acid This sharp difference may be 
utilized for the production of photographic prints on woolen fabrics. The effect 
of the irradiation is not dependent upon the nature of the surrounding atmosphere. 

The superficial erosion of woolen cloth exposed to the air is ascribed by Heer- 
ttmm to the action of ultraviolet rays (2000-3500A) After exposure to sun- 
light, wool swells strongly in dilute alkali and crumples in a characteristic man- 
nerJ® After such exposure, it is dyed more deeply by basic dyestuffs and less 
so by acid dyes. Those dyes which yielded darker shades on wool which had 
been affected by sunlight than on unexposed wool were called positive. Those 
which yielded lighter shades after exposure were called negative. The positive or 
negative behavior of a dye toward wool usually increased with the duration of the 
exposure of the wool, but after a direct exposure of about 300 hours which almost 
completely destroyed the epithelial scales of the wool, the effect diminished. Indigo 
is positive after the wool has been exposed 100 hours, but after 264 hours, it is 
strongly negative. The behavior of acid dyes on exposed wool varies according 
to the acidity or neutrality of the bath from which they are applied. Alizarin 
Cyanin Green G is negative when applied from a neutral bath or one containing 
3 per cent of acetic acid, but is strongly positive when applied from a bath acidified 
with 2 per cent of sulfuric acid. The differences in the behavior of dyes toward 
exposed wool are very considerably diminished if the wool is chromed before 
dyeing. The intense yellow color of exposed wool dyed by immersion in a cold 
aqueous solution of methyl orange is not removed by washing with water. Under 
similar conditions the color is readily removed from non-exposed wool. 

The interior of exposed wool is alkaline, since it gives a bluish<^ violet color 
with haematin. The outer part is acid and gives a yellow-brown color. After 
prolonged exposure to sunlight, the wool becomes brittle and the fibers may be 
easily broken. Exposed wool is much more easily wetted than unexposed wool 

Irradiated wool fails to give the usual colors when treated with ninhydrin or 
allantoin because of the presence of sulfur dioxide.'^® The increase in the content 
of labile sulfur is also shown by the reduction of nitro- compounds to amines. 
Insolation also increases the primary amino-groups as determined by the van Slyke 
method. 

For further data obtained by the lljfbt of the carbon arc, see Appel, W. D., and Jessup, B. A., 
Proc. Am. Assoc. Textile Chem. Coloruts, 350, 354, 1935; /. Research B meals Standards, 15, SOI 
(1935). 

«Kaneko, H., Bull. Chem. Soc. Japan, 9, 409 (1934); Chem. Abs., 29, 662 (1935). 

»Von Anwfirden, K., J. Soc. Chem. Ind., 35, 416 (1916); Naumawi, K., Ibid., 36, 707 (1917). 

TO Meunier, L., and Key, G., Rev. gen. mat. col., 28, 66 (1924); /. Soc. Chem. Ind., 1924B, 370. 
Compt. rend., 183, 596 (1926). 

^Heennann, P., Chem. Ztg., 48, 337 (1924). 

S TO von Bergen. W.. 6, 745 (1925); 7, 451 (1926); Chem. Abs„ 20, 2251 (1926); Brit. 

tChem. AvS*, B, 740 (1926). 

Ctiir Tech., U, S30 (1927); Chem. 
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From 3.7 to S.O per cent of the sulfur content of cleaned wool samples is lost 
during: ejtposure for 80 to 100 hours to the light from ja quartz lampJ^ This loss 
is more than doubled if the irradiation is followed by treatment with O.OOliV sodium 
hydrojcide, Microscopic examination shows the scales to be raised up; some are 
completely removed. It was suggested that the scales possess a higher sulfur 
content than the cortex so that a decrease in the number of scales explains in part 
the loss of the sulfur on irradiation. 

Castiglioni suggests that the yellowing of wool by ultraviolet light probably 
depends on the occurrence of the Salkowsky reaction between the sulfuric acid 
formed by oxidation of the sulfur of the wool and the cholesterol of the wool fat 
Degreased wool tends to turn gray instead of the yellow to brown which forms 
in untreated wool. 

The strength of wool is lost on exposure to light, slowly at first, then more 
rapidly and finally slowly again when but little strength is Washing after 

exposure increases the loss of strength and results in a loss of weight owing to 
breakage of tendered surface hairs and to the dissolution of degradation products. 
Exposure also diminishes the extensibility. The product of extensibility and 
breaking load, a measure of the work of rupture, thus falls more rapidly than 
the breaking load itself and is probably a better measure of the useful strength 
of the cloth. The development of acidity is roughly parallel to the loss of strength. 
The Pauly test, however, grives positive results after a short exposure and soon 
reaches a maximum. Exposed cloth wets more rapidly and shrinks more when 
washed, but it fulls more slowly and has a lower regain. 

Pretreatment of the wool with sulfuric acid is said to retard, and with alkalies 
to hasten, the deleterious action of light."^^ Rimington has noted that free sulf- 
hydryl groups are absent from normal wool and appear only after the action of 
alkalies or of ultraviolet light. 

Smith and Harris find irradiation of purified wool by the Fade-Ometer up to 
100 hours progressively reduces its cystine content (from 12.2 to 7.9 per cent), 
with corresponding increases in ammonia nitrogen (0.28 to 1.22 mg, per gm.), 
alkali-solubility (11.9 to 36.2 per cent), and sulfate sulfur (0.06 to 0.37 per cent). 
Nearly all the sulfate sulfur in exposed wool is in the form of free sulfuric acid. 
There is a linear relation between cystine content and alkali-solubility in exposed 
wool. The deterioration is greater in wool previously treated by acid than in 
alkali-treated wool. The sulfur content of untreated and of acid-treated wool 
decreases during irradiation. This suggests that in the early stages, hydrogen 
sulfide is formed by a decomposition of the S—S group of cystine, so that some 
is lost as hydrogen sulfide. The remainder is oxidized to sulfuric acid. Irradia- 
tion produces a t 3 rpe of oxidation different from that due to hydrogen peroxide. 
In nitrogen, hydrogen sulfide is evolved, the rate being increased by the presence 
of water.®^ 

’*Barritt, J., and King, A. T., /. Textile Inst.. 20, 151T (1929); Brit. Ckem. Abs.. B. 846 (1929); 
see also Sommer. H.. Chem. Zip., 51, 777 (1927). 

w Castiglioni, A.. Chim. e Vlnd,, 17, 82 (1935); Brit. Chem. Abs., B, 540 (1935). 

’•Cunliffe, C. W.. /. TextUe Inst.. 27, T25 (1936); Chem. Abs.. 30, 3244 (1936). 

’’Sommer, H.. Chem. Zip., 51, 777 (1927). Sec, however. Smith and Harris.’® 

’•Rimington, C.» Biochem. J., 24, 205 (1930), 

’•Smith, A., and Harris, M., Am. Dyestuff Reptr., 25, 383P, S42P (1936); Brit. Ckem. Ahs., B, 
828 (1936); /. Research Bureau Standards, 17, 97 (1936); Rayon TextUe Monthly, 17, 501, 727, 795 
(1936). 4 

Sec also McMahon, P. R., and Speakman, J. P., Trans. Faraday Soe., 33, 844 (1937). 

^ Harris. M., and Smith, A. L., /. Research Bureau of Standards, 20, 563 (1938). 
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In order to ascertain the likelihood of oils staining textile fabrics, Gray pro- 
poses to expose pieces of tape, treated with the oil, to the light of a quarts mercury 
arc, using a standard oil for purposes of comparison. A half-hour exposure at a 
distance of six inches from the lamp was found sufficient to develop a stain with 
oils likely to discolor fabrics, 

Paine, Radley and Rendell obtain fabrics fluorescent in ultraviolet light by 
impregnating them with an aminostilbenesulfonic acid.®‘*» 


Photochemistry of Dyes®® 

Dia^o-'Compounds and Azo Dyes. According to Eggert and Schrdter,®® 
nitrogen is evolved at a constant rate during the photochemical decomposition of 
the diazo- compounds derived from 2-amino- a~naphthol-4-sulfonic acid and 
p-aminodiphenylamine. This diminishes gradually when the illumination is with- 
drawn, The quantum yield (about 0.35) is independent of the intensity and 
wave-length of the light and of the temperature and concentration of the diazo- 
solution. The same quantum yield is obtained when the solid compounds are 
studied. Schroter also determined the rate of fading by comparison with color 
standards. The quantum yields so determined were somewhat higher, the devia- 
tions being considerable in the case of the product from />-aminodiphenylamine, 
The lower values found by measurement of the evolution of nitrogen are attributed 
to the occurrence of side reactions which inhibit the complete evolution of the 
liberated nitrogen. On adding acid, the yield is unchanged in the case of 2-amino- 
a-naphthol-4-suIfonic acid, but acid reduces that of the />-amin()diphenylaminc com- 
pound from 0.52 to 0.35. Alkali reduced the quantum yield of the former to 
0.15. With the latter, precipitation occurred. In alcohol solution, the yield is 
increased to 0.5 to 0.6 for both substances, possibly because of the formation of a 
soluble diazo-niolecule-alcohol complex which favors the reaction. 

Schmidt and Maier concluded that the bleaching of 1,2,4-diazonaphtholsul- 


** Gray, T. T., Oil Paint and Drug Reporter, Aug. 9, 191 
7264 Rendell, L P. U. S. F, 2,089,413, Aug 10, 1937, Chem, Ahs., 31, 

applied to various textiles, sec Derrett-Smith, D. A., /. Textile Inst, 28, 
7256 (1937); Korda, P.. and Derib6re, M., Tech, moderne, 29, 35S 
(1937); Henl^ H. J„ Kunstetde und Zellwolle, 19, 426 (1937); Chem. Ahs., 32, 3620 (1938); Radley, 
S' il9m; Chem. Abs,32, 4344 (1938); Tuplu^me, C. H. S., Tertde Colorist, 60, 
441 (1938); Radley, J. A., /. Soc. Dyers Colourists, 53, 376 (1937); Whittaker, C. M., 1. Soc. Dyers 
Coloitxts^, 53, 468 (1937); Chemt. Ahs., 32, 1461 (1938). Undyed wool shows a weak violet fluorescence 
and undyed casein fiber a dead-white one. The results of uUraviolet-lamp readings should be con- 
sidered as presumptive only, and should be rejected in the presence of contradictory evidence. 


57, 13.5 (1935); Chakravarti, G. C., J. Indian Chem, Soc., 8, 503 (1931) ; ’ Mangini, A." Gass ckim. 

S’ !?!' ’ 2. 1288 (1935>; F^ter. G. [a Am cR. 

Soc., 53, 654 (1931); Maki, T., J. Soc. Chem Ind. Japan, 34, 496 (1931); Lus/cak, A , and Grim L., 
64, 349 (1934); Griffith, 'W'. R., Ohio Apr. Rxpt Sta., Bimonthly Bull., 

^^ 7732 (1938): Lararev, P., C himie et Industrie. Special No., 457 
(1928) ; Schuiwm, O,, “Die spektrochemischc Analyse naturlicher organischen Farbstoffe/' Jena, Fischer; 
Zintl, E., and ^ ^I»;®cWer, L., Bwchem. Z., 190, 411 (1927); Szilard, 

A., Ibid., 170, 185 (1926); Speas, ^-^Phys. Rev., 31, 569 (1928); Merntt, E, Ibid., 28, 684 (1926); 

(1926); Dutt, S., Quart. / Indian Chem. Soc., 4, 
99 il927)\ Holmes, W.. and Peterson, A., /. Phys. Chem., 36, 633 (1932); Hewitt. J.. .Set. J. Roy. 
Coll. 2 J S^eibe, G., Kollotd-Z.f 82, 1 (1938); Scheibe, G., and Kandlcr, L., Natur- 

^93^)^’ (1938); Sen-Gupta, S. B., /. Indian Chem. Soc., 15, 263 (1938); Chem. Abs., 32, 8939 


w Eggert, J., and Schrdter, W., Z. Elektrochem., 54, 602 (1928). 

•^Schrdter, W., Z. wiss. Phot., 28, 1 (1930); Chem. Abs., 25, 43 (1931). 
» Schmidt. J., and Maier, W., Ber., 64B, 767, 778 (1931). 
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fonk add (long used in the pi'eparation of iight-sensitive papers) in acid solutions 
eatposed to direct sunlight, proceeds quantitatively ^Ith evolution of nitrogen and 
replacement of the diazo- group by a phenol radical. The reaction was conducted 
in acid solution so that the disturbing formation of azo dye in the bleached solution 
could not take place. Fukushima and Horio find the reaction due to rays shorter 
than 4S00A, the photolysis being a reaction of zero order. It is not affected by 
change of temperature. The quantum yield was 0.16 at 3666A. The addition 
of salts had no effect on the order of the reaction. 

Horio exposed papers treated with a series of diazo- compounds in a spectro- 
graph to the mercury and tungsten arcs and found their spectral sensitivities to be 
simply related to their extinction coefficients, at least in the case of copying papers 
of l~diazo-/?-naphthol-4-sulfonic acid and of />-diazo-diphenylamme sulfate. In an 
extension of this work in which various diazo- compounds on paper were similarly 
expOvSed to an iron arc, and developed with suitable azo- compounds, it was found 
that some benzenediazonium compounds were decomposed at wave-lengths less than 
4000A, independently of the position of the substituent. The threshold values for 
light-sensitiveness coincide well with the limits of the molecular absorption.®*^ 
Yamamoto determined the effect of sunlight upon the rate of decomposition of 
<z>naphthalcne diazonium chloride. The velocity constant became twenty times 
greater in clear weather, 2.7 to 11 times greater when there was slight cloudiness, 
and was not increased in completely cloudy weather. 

Crystal Scarlet is visibly oxidized and reduced when no special depolarizer 
is used in the presence of zinc oxide as photosensitizer.®® 

Ultraviolet light causes a gradual fading of 0.005 per cent Congo red, the 
reaction not being due to ozone.®® 

The photochemical reduction of methyl red in methanol by phenylhydrazine 
with chlorophyll solution as a photosensitizer by the wave-length 4358A is zero 
molecular in order, according to Ghosh and Sen-Gupta.®'^ Its velo<:ity is inde- 
pendent of the phenylhydrazine concentration and of temperature (25 to 35° C.) 
and reaches a maximum at a 5x10"® molar concentration of chlorophyll. The 
quantum efficiency is 0.45 when only the radiation absorbed by the chlorophyll is 
considered. The dark reaction is extremely slow. In benzene, however, the 
reaction is unimolecular with a constant proportional to the phenylhydrazine con- 
centration and a quantum yield of 0 05. For the wave-length 5460A, the reaction 
in both methanol and benzene is zero-molecular with a velocity independent of the 
phenylhydrazine concentration. The quantum yield varies between 1.0 and 0.1, 
decreasing with increasing chlorophyll concentration. If phenylhydrazine hydro- 
chloride is used, the dark reaction has a measurable speed, independent of the 
chlorophyll concentration. 1'he light reaction has a very low quantum yield and 

Fukushima, I., and Horio, M., J. Soc Chem. Ind. Japan, 34, 372, 374 (1P31); Chem, Abs., 26, 
2377 (1932); Mem. Coll. Eng. Kyoto Imp. Univ., 6, 179 (1931); Chem. 25, 4797 (1931). 

®®Kosrati. N. M., Pischulina, A. F., and Ankinovich, A. G., Anihnokrasochnaya Prom., 2, No. 11, 
34 (1932); Chem. Abs., 27. 5321 (1933). 

Horio, M., Mem. Coll. Eng. Kyoto Imp. Univ., 8, No. 1, 26 (1934); Chem. Abs., 28, 5338 (1934). 

»«Hono, M., J. Soc, Chem. Ind. Japan, 37, 322 (1934); Chem. Abs., 28, 6637 (1934). 

The results have also been extended to solutions containing;, in addition to the diazo- compound, 
varymg amounts of Crystal Scarlet 6KA Extra and of Orange II, Horio, M., and Yamashita, S., 
Z. wiss. Phot., 33, 273 (1935); BHt. Chem. Abs., A, 713 (1935), 

•‘Yamamoto, E„ J. Soc. Chem. Ind Japan, 38, 275B (1935); Chem. Abs., 29, 6492 (1935). 

•“Fukushima, I., Horio, M., and Ohmori, M., J. Soc. Chem. Ind. Japan., 35, 398B (1932); Chem. 
Abs., 26, 5848 (1932). 

*w Puchkovskii, B. S.. and Nckludov, V, N.. Kalloid-Z., 66, 191 (1934); Chem. Abs., 28, 2623 (1934). 

Gho&h, J. C., and Sen-Gupta. S. B., J. Indian Cliem. Soc., 11, 65 (1934); Chem. Abs,, 28» 3662 
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small temperature coefficient Its unimolecular constant is proportional to the con- 
centration of the reducing salt An activated complex of chlorophyll and methyl 
red is believed to play a part in the reaction mecb^sm. 

Since the photdytic oxidation of cellulose is accompanied by the evolution of 
carbon dioxide and since cotton dyed with simple azo-dyes yields more carbon 
dioxide upon irradiation than undyed cotton, Haller and Ziersch conclude the dye 
fading to be an oxidative process. The carbon dioxide production is greater when 
the samples are exposed in an atmosphere rich in oxygen. 

Exposure of a dilute (1:10,000) aqueous solution of l-j!>-sulfobenzenea 2 o-N- 
phenyl-yS-naphthylamine to sunlight gives ang, naphtho-phenazine and mainly the 
betaine of 3-phenyl-2-/>-sulfophenyl-a^-naphth-l,2,3-triazolium hydroxide.®® Expo- 
sure of l-benzeneazo-N-phenyl-/3-naphthylamine on cotton immersed in water gives 
after concentration of the extract and treatment with picric acid, 2,3,-diphenyl-aj8- 
naphth-l,2,3-triazolium picrate, but not ang. naphtho-phenazine. The N-benzyl 
derivative of l-benzeneazo-N-phenyl-j^-naphthylamine is much more stable to light. 
Diphenyl-4,4-^u-(8-azo-N-phenyl-y£?-naphthylamine) on cotton is bleached rapidly 
by sunlight in air or oxygen. In nitrogen, bleaching is very slow. Azo- dyes 
from N-alkyl-y8-naphthylamines are not so readily convertible into triazolium salts 
and are much more stable in light. 

Golden yellow solutions of (C 6 H 5 ) 3 CN=NC 6 H 5 arc decolorized rapidly when 
exposed to light of short wave-lengths.^®® 

Triph^ylmethyl and Triphenylmethane Dyes. The free radical, triphenylmeihyl, 
was found by Gomberg and Cone^*^ to be bleached in sunlight in benzene solution with 
the production of triphenylraethane and unidentified substances. Schmidlin and Garcia- 
Banus*®* and, more recently, Bowden and Jones’*® found the products to be triphenyl- 
methane and diphenyl-^^w-diphenylenethanc. The process occurs slowly in diffused light. 
Visible light (5300-4000 A) is the most active portion of the spectrum. The presence 
of triphenyl peroxide or triphenylchloromethane does not alter the reaction, but the 
nature of the solvent has a marked effect on the rate of the reaction. In toluene, 
decolorization was more rapid than in benzene; in l,3,5-triniethylbcn2ene and m-xylene it 
was even faster, and in hexane, the most rapid. No loss of color was observed in sulfur 
dioxide solutions and in the solid state the photochemical change was of a low order. 

Triphcnylmethyl peroxide has been obtained in 45 per cent yield by exposing a cyclo- 
hexane solution of triphenylbromomethane with air or oxygen for eight days to light 
(less than 3800A) from a Pyrex mercury arc.’^ It is highly probable that triphenyl- 
methyl and bromine arc formed by primary dissociation. 

According to Tanasescu,'* 2,4-dinitrotriphenylmethane on insolation in neutral solu- 
tions yields the red 0-quinone derivative, and in pyridine, the green nitrosocarbinol. In 
sunlight, 5-chloro-2-nitro-4^4"-diaminotriphenylmethane gives a blue cornpound and a 
compound Cu^HnoOsNoCl*, reduced by tin and hydrochloric acid to 2,4,'4 -triaminotri- 
phenylmethane. Similarly, 2-nitro-4^4''-diaminotriphenylmethane gives a blue compound 
and a compound CwHasOsNe. The diethylmercaptol of Michler’s ketone’®^ quickly turns 
green in light, especially when moist. A solution of triphenylmethane and triphenyl- 
chloromethane in light forms triphcnylmethyl reversibly.’** 

Haller, Ri, and ZierscH, G., Melliand Textilber,, 10, 951 (1929); Chtm. Abs,, 24, 337.1 (1930). 

» Krollpfeiffer, F., Mahlhausen, C,, and Wolf, G., Annalen, 508, 39 (1933); see also Witt, O. N., 
Ber., 20, S71 (1887). 

«»LifschiU, L. Ber,, 58B, 2434 (1925). 

Gombergr, M., and Cone, L. H., Ber., 37, 3545 (1904), 

Schmidlin. J., and Garcia-Bands, A., Ber., 45, 1344 (1912). 

Bowden, S. T., and Jones, W. J., J. Chem. Soc,, 1149 (1928). 

10* Halford, J, O., and Anderson, L, C., Proc. N^t. Acad. Set., 19, 759 (1933). 

«»Tan&se^u, I., Bull. soe. chim., 39, 1718 <1926); see also Chem. Ahs„ 21, 533 (1927) for o-nltro^ 
triphenylmethane. 

«»Tan&sescu, I., and Suciu, M„ Bull. soc. chim., 4, 245 (1937); Brii. Chem. Abr., A II. 375 (1937). 

«"Madelimg. W., J. prakt, Chem., 114, 1 (1926), 

»»Schlenk, W., and Herzenstein, A., Ber., 43, 3545 (1910). 
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(CiH»)«ca 4- — > uo -f 2 (cjei»)hC 

It has long been known that the leucobases of triphenylmethane dyes (bril- 
liant green, malachite green, crystal violet, etc*) arc highly light-sensitive, readily 
producing the corresponding dyes. Konig made some attempts ,to utilize these 
photooxidations in color photography. Eder^^^ believed that, mixed with collo- 
dion, the leucobases form films more light-sensitive than the dyed silver halide films 
previously used in the photometry of the visible region. CarrolP^^ found these 
reactions to show no induction periods and to be proportional to the light intensity* 
The sensitivity was, however, too low for practical photographic application, 
although the oxidations may be accelerated by nitrogen bases, as heterocyclic and 
aliphatic amines. 

Little use has been made of this behavior in actinometry. An important appli- 
cation of crystal violet and, particularly, malachite green in actinometry is, how- 
ever, based upon a reaction of their leucocyanides, originally described by 
Lifschitz.^^® It had been known that the addition of potassium cyanide to a tri- 
phenylmethane dye bleaches it with the production of a colorless triarylacetonitrile* 
Lifschitz showed that the colorless alcoholic solutions of the latter products were 
rapidly converted into the corresponding dyes when irradiated by an iron-nickel 
arc. The change occurred but slowly in sunlight in glass, so that it is due to the 
ultraviolet rays. When placed in darkness, the dyes again lose their colors. The 
leucocyanides in alcohol were not electrolytes. Irradiation was believed to con- 
vert them into colored, dissociated dye ions and cyanide ions, since the conductivity 
could be shown to increase. It was possible to demonstrate the liberation of the 
cyanide ion by setting up concentration cells of dark and illuminated solutions 
with silver cyanide coated electrodes. 

Similar behavior was encountered in the thiocyanates and sulfonates of the 
triphenylmethane dyes, as well as in the dihydroxy-derivatives (benzaurin) apd in 
unsubstituted triphenylmethyl cyanide. It became apparent that triphenylmethane 
derivatives can exist both in non-electrolyte and electrolyte forms. The primary 
photochemical effect was believed to consist in the transfer of a valence electron 
from the carbon atom to the cyanide or other group, which thereby becomes an ion. 
The triphenylmethyl ion need not, however, be colored until after it has undergone 
a further constitutional alteration. Lifschitz represented the process as follows: 

Light 

(R^NGHOXCN [(R»NGHO»C]" 4- CN- ^ — » 

Colorless, Dark Dark 

undissociated 

Harris, Kaminsky and Simard,^^^ who studied the absorption spectra of the 
leucocyanides and products of photolysis of malachite green, found the Lifschitz 
mechanism inadequate to account for the phenomenon of fading of the color. They 
found the addition of water to the alcoholic (9S-per cent) solutions to increase the 
rate of fading, which could be similarly accelerated by potassium hydroxide or 

i»Gro«, O.. Z. physik, 37, 157 (1901). 

3«>K«ntfir, E., Z, Angew, Chem., 17, 1633 (1904). 

3»Ed«r, J. M.. K 0 rr,, M, 140 (1919); Chem. Zenfr,, 90, 396 (1919); /. Soe. Chem, Ind., 38, 
878 (1919). 

^ CarroH, B. H.. 7. Pkys, Chem,, 30, 130 (1926). 

I., Byr., 52, 1919 (1919); 5BB, 2434 (1925); Ufschltr, 1. and Joffe, C.. Z. pkysik, 
Chem., 97, 426 (1921). 

L., Kamin»ky, J., and Slmard, R.. 7. .4m. Cktm. Stc., 57, llSl (1935). 
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cyanide. No dark reaction could he observed if hydrochloric acid was added cither 
before or after the photochemical production of the color. The addition of the 
acid to partly faded solutions restored the color completely, unless the water con- 
tent of the solutions exceeded 20 per cent, in which case there was only a 95 to 
97 per cent restoration of the color. No color appeared when hydrochloric acid 
was added to a non-irradiated leuco-cyanide solution. This indicated that the 
product of the dark reaction in 9S~per cent alcohol is not the original leucocyanide. 
In their modified mechanism, importance was attached to hydrolysis of the photo- 
compound. In the absence of hydrochloric acid, the final product of the dark 
reaction was assumed to be the colorless carbinol and not the original leucocyanide. 
Accordingly, they proposed the following scheme: 


I(CH.)i,NaH.],aH,=C-CN 

Colorless, non-dissociated la 

II 4^ ThTPI 

t (CH8)«NaHd»aH.=COII 
Colorless, non-dissociated jy 


[(CH8).NGH4],GH5 s CCN 
{f (CH«)«NC 6 H 4 ]sGHssC}^CN'^ Colored 
{[ (CH3).NGH4 ]vC«HcsC}XT Colored. 


The carbinol can undergo a photolysis to the colored compound, which accounts 
for the regeneration by light of the partly decolorized solution. It was assumed 
that reaction I is instantaneous, but that reaction III may be slow or moderate. 
Reaction IV was known to be comparatively slow from measurements made with 
the pure carbinol. Reactions II and IV were found to be fast if hydrochloric acid 
was used during the photolysis. No evidence could be found for the formation 
of an intermediate compound in la. The dark reaction had a positive temperature 
coefficient. Ariga observed also that the colorless solution of malachite green 
produced by the action of alkali rather than cyanide (probably a colorless pseudo- 
ammonium base) regains its color when irradiated by a mercury arc or intense 
sunlight The unimolecular rate constant was independent of the alkali concen- 
tration and temperature, but was proportional to the light intensity. 

The Lifschitz reaction was made the basis of a useful actinometric solution by 
Weyde and Frankenburger,^^® who used a pure alcoholic solution of the leuco- 
cyanide of crystal violet. The quantum yield of the color formation is unity for the 
wave-lengths 2537 and 3130A. If enough cyanide was added to insure reversal 
in darkness, the solution was found to be suitable for use by physicians and 
meteorologists for measuring the erythema-producing rays of sunlight or artificial 
sources. In the case of this dye, the reverse dark reaction has a temperature 
coefficient of five. Its rate is proportional to the dye concentration and is greatly 
diminished by the presence of a little water. 

For a precision actinometer, Harris and Kaminsky found the malachite 
green leucocyanide to be superior, since it has thirty times the solubility of the 
crystal violet leucocyanide. It was especially suited for the region between 3340 
and 2480A. With malachite green, a shorter cell-length may be used with cer- 
tainty of 99.9-per cent absorption, the correction for inner-filter action by the 
photocompound is less, and colorimetric measurements can be made more accu- 
rately for the green dye. The quantum yield is unity. 

Relatively little is known of the bleaching of the triphenylmethane dyes. 

Ariga, T, Bull. Chem. Soc. Japan, 2, 65 (1927); Chem. Abs., 21, 2103 (1927), 

^ Weyde, E., and Franlccnbutjger, W., Trans, Faraday Soc., 27, 561 Weyde, K, Franken- 

^ burger, W„ and Zimmermann, W7, Z. physik. Chem., J7B, 276 (1932). 

Harris, L., and Kaminsky, J., J. Am. Chem. Soc,, 57, 1154 (1935). 
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Henriquez^^^ believed that exposure of aqueous crystal violet solutions for sev- 
eral days converts it into a red dye, assumed to be fuchsine, by a replacement of 
the methyl groups by hydrogen. The presence of a iree amino-group could ’be 
proved by diazotation and coupling reactions. Under similar conditions, malachite 
green was believed to be converted into Doebner's violet. With visible light, these 
color changes were more rapid than the bleaching of the dyes, but ultraviolet light 
destroys the colors, the more rapidly the more basic the solution. The oxidation 
of fuchsine by hydrogen peroxide is also brought about by ultraviolet light, the 
amino-groups being unaffected. Iwamoto states that in the presence of air and 
light, malachite green oxalate and crystal violet oxalate are converted into 
/^-dimethylaminoacetophenone and Michler’s ketone, respectively. In a sealed tube, 
the crystal violet oxalate gives the leuco- compound. Weyde, Frankenburger and 
Zimmermann found that on prolonged irradiation of alcoholic solution containing 
potassium cyanide, the leucocyanide is completely destroyed, probably by oxidation. 

Phthalein Dyes. The radiation of an arc light has been said to increase 
the rapidity of the oxidation of phcnolphthalin to phenolphthalein.^^'^ 

Fluorescein in glycerol solution exhibits a blue rather than a green fluorescence 
when irradiated by ultraviolet light. This is gradually and permanently lost on 
prolonged irradiation by wave-lengths vShorter than 2540A. Glycerol solutions of 
methylene violet, corallin, crocein, esculin, erythrosin, eosin and rhodamine simi- 
larly lose their fluorescent properties on exposure to ultraviolet light. Solutions 
of erythrosine, eosin and rhodamine in benzyl alcohol are much more sensitive to 
the action of light than are the glycerol solutions.^-^ 

It has been suggested that tlie Ideaching of fluorescein dyes by light is a 
process of oxidation by hydrogen peroxide probably formed from water and oxy- 
gen, this reaction requiring an activation of the dye molecule by light. 

Reychler found no iodine liberated in darkness from solutions containing 
0 125 gm. potassium iodide, 0.5 gni. of potassium dichromate and 0.01 gni. of eosin 
per 100 cc. in three hours. In weak diffused light after forty minutes the iodine 
liberated was equivalent to 2 8 cc, of 1-per cent sodium thiosulfate solution. After 
tw^o and ten minutes in sunlight, the amounts of thiosulfate used w^erc 6.3 and 
16.4 cc. 

In the presence of reducing agents, eosin is not hydrogenated in darkness, 
even in wanning. In sunlight or the light of a quartz lamp, it is almost instantly 
hydrogenated. The color returns quickly in darkness unless the irradiation has 
been unnecessarily prolonged, in which case the eosin is irreversibly changed into 
a strongly fluorescing substance. 

Methylene Blue. Nurnberger and Arnow find that aqueous solutions 
of methylene blue have two regions of absorption with maxima at 2920 and 2460A. 
Irradiation of the solution wdth a mercury arc causes a decrease in the absorption 
in the visible and ultraviolet, the effect being greatest in the solutions of highest 
pH. The wave-lengths most active in decreasing the absorption are shorter 

Henriquey, P. C,, Rec. trav. chim., 52, 991 (1933). 

Iw-nraoto, K., Bull. Chtftn. Soc. Japan, 10, 420 (1935); Brit, Chem. Abs,, B, 1090 (1935), 

Weyde, E., Frankcnbuigcr, W., and Zimmermann, W., Z. physik. Chem,, 17B, 276 (1932). 

^ Rogsi, G., Chem. Zentr,, 82, 1C59 (1911); Otorn, Farm. Chem,, 60, 433 (1911), 

^Asterblum. M.. Bull. Inicin, Acad, Polonaise. A7-8, 297 (1924); Chem. Abs., 20, 1562 (1926). 

Blum, H. F., and Spealnian, C. R., /. Phys. Chem., 37, 1123 (1933); sec also Chakravarti, D. N., 
and Dhar, N. R., Z. anorg. Chem., 142, 299 (192 5), 

Reychler, A., Bull, soc, chim, Betg., 34, 236 (1925); Chem, Abs., 20, 544 (1926). 

KSgcl, G., and Steigmann, A., Phot. Ind., 1169 (1925); Chem, Abs., 20, 1035 (19J6), 

^ Nttimbci gcr, C., and Arnow, L.* /. Phys. Cham., 38, 71 (193 4). 
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tban 2700A, For this reason, the change in absorption by aqtieous solutions 
oi methylene bine cannot be used as a measure of the light intensity in the 
physiologically active region between 2900 and 3 100 A. 

Most photochemical studies on this dye have been concerned with coupled or 
sensitized processes, Brandt studied the iron-sensitized reduction in the presence 
of ethanol and a phosphate buffer at pH 8.6. A considerable dark reaction occurred 
only when both alcohol and ferrous ions were present, and it was in such solutions 
that the greatest photosensitization was observed. The reduced solutions were 
rcoxidked in the dark, an equilibrium being established which is displaced toward 
the side of Icuco-methylene blue. 

In light, zinc oxide acts on aqueous solutions of organic dyes of widely different 
classes.^^^ In pure, air-free aqueous solution, the dyes are both oxidized and 
reduced. In the presence of an anodic depolarizer, they are exclusively reduced. 
With vat dyes, photolysis still occurs even at the highest reduction potentials, 
O.IS V. in the case of saf ranine. A considerable difference in potential between 
the anodic and cathodic processes can be overcome by light. With azo-dyes, the 
photolytic reduction is not reversible, the products not reforming dyes on exposure 
to the air. Under certain conditions, sensitizing dyes can act upon other dyes as 
does zinc oxide. The necessary condition is that the absorption region of the 
sensitizing dye must coincide with that of the acceptor on the short wave-length 
side. 

In the presence of zinc oxide as photosensitizer, Arro found no vat dye 
formed during the bleaching of methylene blue. But in the presence of an anodic 
depolarizer (dextrose), the velocity of fading is increased and some vat dye is 
formed. The sensitizing action of yellow mercuric oxide is greater, and that of 
cadmium oxide, yellow lead oxide and the uranyl ion, less than that of zinc oxide. 
The addition of manganese dioxide, uranium dioxide or cadmium oxide increases 
the action of zinc oxide. The bleaching is irreversible. 

Pyruvic acid, *‘Kojic’' acid, ethyl acctoacetate, phloroglucinol and resorcinol 
reduce the dye in the absence of oxygen when irradiated.^^*^ 

The enzymatic reduction of the dye by Bacterium pasteurianum and by liver 
extracts is also speeded up by light. The dye molecule and not the hydrogen donor 
or' the dehydrase is activated in the photochemical reaction. 

The equilibrium potential of the methylene blue and phenylhydrazine sulfonate 
reaction is light-sensitive, the direction of the displacement of the equilibrium 
being opposite in light from the two ends of the visible spectrum. Hellstrom 
has observed that the redox potential of the methylene blue-ferrous ion system 
decreases reversibly in light, the potential change being dependent on the pH, 
However, the potential of the iron- free 50-per cent reduced dye is not affected by 
light, and the addition of ferrocyanide does not make it photosensitive. Light 
activation of the dye may cause the formation of a methylene blue-iron complex. 

A procedure advocated by Marie and Raleigh ^ for the treatment of methylene blue 
for use in biological stains consists in dissolving one gram in 100 cc. of aqueous 0.5-per 

^Brandt, K. Arkkf Kemi. Mtnerat GeoU. 12B, No. 7 (1935); Ghent, Abs., 30, 386 (1936): sec 
also Weiss, J., Trans, Faraday Sac,, 32, 1331 (1936). 

^Ncuweilcr, C., Z. whs. Phot,, 25, 187 (1928); Brit, Chem. Abs., 1928A, 457. 

^Arro, H., Commentationes Univ. Tartu A18, (5) 3 (1930); Chem. Abs., 26, 4255 (1932). 

»®Tamiya, H., Hida, T., and Tanaka, K., Acta Phytockim., 5, 119 (1930); Chem. Abs., 25, 1531 
(1931). 

G., Z. physik. Chem., A175, 99 (1935); 179A, 172 (1937); Nature, 139, 285 (1937). 

Hellstrdm, H., Naturwiss., 24, 76, 217 (1936). 

Marie, S. V., and Raleigh, J. T., /. Lab. Clin, Med., 10, 250 (1924). 
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:eiit sodium bicarbcmatc solution and exposing in an open shallow dish to an arc lamp 
or ten to thirty minutes. When cool, there is slowly added 500 cc. of 0.1 -per cent 
yellowish eosin solution until the surface becomes purplish tyith a metallic luster and a 
me black powder is formed on the surface. After filtering and air-drying 0,1 gram Is 
lissolved in 60 cc. of acetone free from methanol. 

Irradiation of methylene blue, thionine, or brilliant cresyl blue in acid ferrous 
mlfate with the visible light of a strong carbon arc produces bleaching or a change 
n color, due to the formation of leuco- dyes, which is irreversible if the ferric ion 
ormed is precipitated by hydrolysis. In darkness, the process is completely rever- 
sible, the ferric ion being reduced by the leuco- dye.^-’*'^ In the absence of the dye 
.he irradiation of a 0.5 molar solution of ferrous sulfate in sulfuric acid by a 
strong mercury arc produces hydrogen when oxygen is excluded. 

The rate at which Lauth’s violet is bleached in aqueous methanol solution in 
die presence of dietbyl~/J-allylthiocarbamide as acceptor rises rapidly toward a 
imiting value as the concentration of the latter is increased, and at the same time 
:he temperature coefficient falls. Hydroquinone, pyrogallol, and phenol retard the 
bleaching and also reduce the fluorescence of sodium naphthionate, the relative 
efficiencies being similar in each case. The part played by these substances in 
l)oth processes depends on the deactivation of activated molecules by collisions. At 
high concentrations, electrolytes either accelerate the bleaching somewhat or retard 
it but slightly, although with small concentrations of some salts, there is a pro- 
nounced retardation.^*^® 

If a 0.001 -per cent aqueous solution of Laullfs violet (thionine) containing a 
^mall amount of ferrous sulfate (0.0075 mole per liter ) and 0.01 molar sulfuric 
acid is cooled to —lO^C. and exposed to the light of a powerful arc light, the dye 
is bleached in one or two seconds by a reversible process. The higher the tem- 
perature and the weaker the light, the slower the reduction. Lauth’s violet has 
a positive reduction potential, 0.045 v. Methylene ])lue, Nile blue, phenosaf ranine 
and neutral red, all of which have negative normal reduction potentials, do not 
behave in a similar manner. In the case of methylene blue, photoreduction occurs 
if the ferrous sulfate is replaced by potassium fcrrocyanide, which has a more 
negative reduction potential. The phenomenon can be explained by supposing that 
the photoexcited molecule (Lautli’s violet) has a more positive reduction potential 
than the unexcited molecule, and even more positive than that of the ferric-ferrous 
ion system. Therefore, a reaction can occur with the formation of leuco- base 
and ferric ion. The maximum of the a])sorption liand of Lauth’s violet at 6000A 
corresponds to an energy (47,370 cals, per mole) more than sufficient for the above 
change. Methylene blue has a more negative reduction potential than Lauth’s 
violet and its absorption maximum lies at longer wa^'e-lengthvS (6700 A) so that the 
energy absorbed is insufficient ftir the reaction to occur. 

Bleaching of Dyes. The rate of loss of color of indigocarniine in ammo- 
nium oxalate solution by atmospheric oxidation under the influence of violet light 
obeys the law* of mass action for concentrations ranging betu^een 1 per cent and one 
to twenty thousand.’ Similarly, the oxidation of helianthine follows the law, (even 
in the range of concentrations in which solutions exhibiting an appreciable fluores- 
cence do not follow it. 

Weiss, J,, Nature, 136, 794 (1935). See, liowever, Wehtr,^ Leuco methylcrie blue turns blue in 
the liR-ht and is decolonzed ^ standing in the dark, according to Matiu, A. I., and Popescu, C, Bull, 
sac. chitn.j 4, 1230 (1937). This had been previously observed by W. M. Clark, (/. S, Public Health 
Reports, 40, No, 23, 1131-1201 (1925), 

Weber, K., Z, physik. Chem„ 15B, 18 (1931); Natur^nss^, 23, 849 (1935). 

^•Perrin, J., and Choucroun, N., Compt. rend., 187, 697 (1928). 
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An increase of temperature between 15 and 45 °C. retards the photochemical 
decolorimtion of benzene solutions of cyanine and gallocyanine,^®'^ 

Aside from the detailed studies which have been made on the photochemistry 
of individual dyestuffs, there have been many observations of the bleaching of dye- 
stuffs in general. Some have contributed essential data on the relative light-fast- 
ness of different classes of dyestuffs. Others have been more or less speculative 
but have in some instances at least brought forward stimulating suggestions as to 
the mechanisms concerned.^''^^ 

Steigmann raises the question as to why certain dyes are light-fast despite 
the absorption of energy by their chromophores. He suggests that in certain cases 
there may be a preferential action on other light-sensitive groups present in the 
molecule which cause an “intra-molecular desensitization.*' For this he considers 
alizarin an example. In other dyes, certain other groups, or configurations may 
exert an inhibitory action, but in this case the nature of the transformations of the 
absorbed energy is obscure. 

Although some workers have found light to convert certain dyes, particularly 
of the triphenyl methane series, into other dyes, Barat and Dutt find that, in 
general, sunlight decomposes dyestuffs directly into colorless products In other 
words, the net effect is practically the same as that of a gradual dilution of the 
dye solution until its color becomes invisible. Spectrophotometric studies of the 
bleaching of a number of dyes have ])een pul dished by Alberts 

Leiber studied the effect of daylight in altering the absorption spectra of 
films of dyed gelatin made by pouring 10 cc. of an 8-per cent solution of the dye 
ov'er a 100 sq. cm. glass mold. The dyes fell into three classes: (1) Bleaching 
makes the dye density gradually decreavse, (2) A region of strong absorption was 
decreased and a field of weak absorption was strengthened. (3) The absorption 
maximum was displaced to other wave-lengths. The latter two classes were not 
entirely distinct. The following dyes were not affected by exposure to sunlight 
for 28 days and are suitalile for the, preparation of photographic filters : Crystal 
P^onceau 6R, Orange Tl, Pyrazole Yellow, Rapid Filter ^"ellow, Naphthol Green, 
Toluidine Green and Toluidine Blue. 

The change of conductance of collodion films colored by cyanine, pinaverdol and 
pinachrome was observed by an electrometric method by Zchodro^'*'^ during illumination. 
The collodion itself is unaffected by white light. The conductivity of the film increases 
with the time of illumination and at first is proportional to the time, but on longer 
exposures, the increase becomes less rapid and the conductivity gradually reaches a con- 
stant value. After the illumination ceases, the conductivity gradually diminishes. Cyanine 
showed a maximum conductivity at around 6000 A, pinaverdol at al>out 5700 A and ptna- 
chrome a sharp maximum at about 5800 A. Irradiation of a solution of cyanine in 
benzene produced a decrease in its electrical resistance, which rose again when the 
illumination ceased. Illumination with monochromatic light had this effect only when 
its wave-length was in the absorption band of the solution. Kosche^** finds Indigosol 
IBL darkens in light, probably because of oxidation. Not all indigosol dyes are light- 
sensitive. 

^ Zchodro, N., r. ('him phys., 26, 178 (1929); Chem Abs., 23, .1166 (1929). 

’«»K6gel, G., Phot. Karr, 68, 83 (1932); Chem. Abs , 26, 5507 (1932). 

Steigmann, A., Z. wiss Phot., 27, 268 (1929); Brit, Chem. Abs., A, 174 (1930). 

Barat, K., and Dutt, S., Quart. J. Indian Chem. Soc., 4, 265 (1927); Chem. Abs., 21, 3194 (1927). 

m Alberts, H., Z. wiss. Phot., 33, 234, 249 (1935). 

Leiber, F.. Kolloid^Z., SO, 68. U7 (19,30). 

A^Zchodro, N.. J. chim. phys., 26^ 59, 117 (1929); Chem. Abs., 24, 1578 (1930). 

Kosche, S,, Klepffig’s TextU-Z., 40, 584 (1937); Chem. Abs,, 32, 6465 (1938). 
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Crespi found no parallelism between the action of solar and ultraviolet 
radiation in their effects on cotton dyes* O^^one fornia|:ion played no part in the 
action of the latter radiation. Evidence in support of an oxidation mechanism Has 
be<m advanced by several workers. Scharwin and Pakschwer exposed methylene 
blue, crystal violet, Cong^o red and eosin on cotton or paper in glass tubes in which 
were sealed various gases, to the action of sunlight or the light of a mercury arc. 
The speed of bleaching decreased in various gases in the following order : oxygen, 
nitric oxide, nitrous oxide, carlxin monoxide, carbon dioxide, hydrogen, nitrogen. 
No bleaching was observed under nitrogen and generally none with hydrogen, 
although in the latter case, decided changes due to reduction sometimes occurred. 
In oxygen, nitric oxide and nitrous oxide, carbon dioxide could always be detected 
after the exposure to sunlight. The changes due to oxidation were irreversible. 
When the dye was absorbed in porous clay, the amount of carbon dioxide produced 
after four months in sunlight was much less than in cases in which cotton was the 
substrate. 

It has recently been pointed out that in practice consideration must be given 
not so much to the effect of light on a dye as to its effect on the entire fiber-^dye 
system. A single dye may also fade, but may be permanent when present in 
admixture with a more resistant dye. 

An early theory of the bleaching mechanism due to Gebhardt'^^ assumed the inter- 
mediate formation of an organic peroxide of the dye, but not of hydrogen peroxide. 
The earlier literature of the fading of dyes on cotton fabrics was reviewed by Cunliffe.*** 

Plain calico and similar fabrics dyed with Brilliant Copper Blue, Chlorazol 
Sky Blue and Benzopurpurin 4B were found by Miss Hibbert to have almost 
unchanged copper numbers after exposure to 669 hours of bright sunshine. Since 
complete destruction of the dyes occurred long before the copper number of the 
fabric reached 3.6, it was concluded that the fading of dyed cotton is not due to a 
reducing action of the cellulose under the influence of light, as had been previously 
assumed. Certain dyes retard or accelerate the tendering of cotton. Cotton 
fabrics dyed with Durantbrene Yellow, Cibanone Yellow and Tncligo, which had 
an original tensile strength of 48 lbs. had tensile strengths of Z7, 16 and 22 lbs., 
respectively, after exposure for 120 hours in a Fade-Ometer Tsatin could he 
obtained in a pure state by extraction from calico which had been dyed with indigo 
and exposed to light. In cotton materials dyed with chrome green, chromium 
hydroxide had a marked protective effect against sunlight. 

According to Seyewetz and Monnier.^’*- nitrated coloring matters turn brown 
under the action of lig-ht, ^^hich probably has a reducing action. The brown sub- 
stance is insoluble in water and slightly soluble in alcohol, hut too little could he 
isolated for its composition to be determined. 

Cotton fabrics dyed with r)-toluencazo-/g-naphthol became covered with bright 
lustrous crystals after exposure for three minutes to the light from a Fade- 

K , AHi confjress/} nas. rhitn. puta apphrata, 2, 833 (1926), Chan Abs., 22, 3532 (1928). 

Schamin, W., anrl Pakschwer, A, Z. anqczv ('hem, 40, 1008 (1927). 

w^Ochhardt. K„ Z angew. Chem., 22, 2484 (1910); 23, 820 (1910); /. Ckem. Soc., 98, 405 (1910). 

’"•Cunliffc. P. W., /. Textile Inxt,, i5, 173; see aUo EUis, G. H., Chem. Age., 13. 470 (1925) ; Bar- 
ker, S., and Hirst, H., 7. Tcxhlc Inst., 17, 483T (1926). 

E., 7. .W Dvers Colourists. 43, 292 (1927); Chem Ahs„ 43, 292 (1927); Brtt. Chem. 
Abs., B, 840 (1927). 

^«»Sec Harrison, W., Ber , 47, 689 (1914). 

Sec aUo Haller, R., Hackl, J., and Frankfurt, M., Textxlhcr., 9, 415 (1928); Brit. Chem. Abs., 
B, 479 (1928). In contrast to Indanthrcne Yellow, the fading of indigo is a process of oxidation. 

Seyewetz, A., and Mounier, D., Compt. rend., 185, 1279 (1927); Bull. soc. chim , 43, 648 (1928); 
Chem. Abs., 22, 916 (1928). 
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Onieter.^*^^ The crystals were shown capable of sublimation and when recrystal- 
lired from chloroform were obtained as crystals of a different cliaracter but the 
same melting point as that of o-tolueneazo-^^-naphthol. A thin layer of the pow- 
dered compound sublimed to only a very small degree at 45® C., the temperature 
reached in the irradiation, and it was not possible to obtain crystals as in the case 
of the dyed fabric. The cotton fabric suffered a loss of color due to this sublima- 
tion in the Fade-Ometer, but it did not change in color or become dull as it does 
when exposed in sunlight. Sublimation effects were ol)served also with cotton dyed 
with o-tolueneazo-a-naphthol and with combinations of Naphthol AS-BO and 
AS-RL with Fast Orange G base, but no crystals were formed on the surface. 

Curtis states that solutions of aniline green and magenta are not bleached when 
exposed to a quartz mercury arc. Neither are they bleached by the addition of 3-per 
cent hydrogen peroxide until the mixture is rayed. It was possible to exclude ozone as 
a cause of the bleaching. Holmes^®® reports that solutions of magenta, mala^ite green, 
methyl violet and crystal violet which had been decolorized by sulfur dioxide develop 
their original colors when exposed to ultraviolet rays of wave-lengths shorter than 
3300A. 

The photo-oxidation of many dyes by potassium dichromate was studied V)y Plot- 
nikov.^ Aqueous solutions of the follow’ing dyes were not affected: trypan blue, indu- 
line, dahlia, aniline green, malachite green, naphthol green, iodine green, nigrosin, tiTpan 
red, erythrosine, indigocarmine blue, gentian violet, Guinea green B and G, Brilliant 
Safranine, Aurantia, safranine, lithion carmine, carmine II, rose Bengal, Rhodamine B, 
Hofmann violet, methyl violet, crystal violet, cresyl fast violet. On the other hand, 
etliyl green, cyanin and naphthalene blue change very rapidly, both in light and dark- 
ness, Nile blue and cresyl f>lue 2BS are stable in darkness even on boiling, but in light 
change fairly quickly to bright red, fluorescent substances. 

Te.sts for the Ltcht-fastness of Dyr.s 

The reproducible determination of the light-fastness of a dye or the relative 
light-fastnesses of a series of dyes requires the consideration of several factors. 
The distribution of the energy available at various wave-lengths in the light of the 
source employed for the test is of the utmost importance for the rapidity and repro- 
ducibility of the results. In some dyes, the absorption is predominantly in the 
visible : In others there are additional bands in the ultraviolet. Furthermore, the 
absorption spectrum and photochemical behaviem of a dye in pure solution or in a 
collodion film may diffc-r from that w^hich it exhibits when applied to a fiber. 
In addition, the absorption of light by the fiber mu.st be taken into account, since 
it may either lessen the amount of liglit available for the destruction of the dye- 
stuff or it may cause photochemical changes in the fiber which result in the pro- 
duction of products which may hasten or retard the fading of the dye. The inten- 
sities of the radiations at various wave-lengths in sunlight vary extremely with 
the location at which the tests are conducted, with the time of year and with the 
amount of cloudiness, dust, smoke, etc. Variations in temperature, humidity, and 
the presence of acid fumes, also complicate the results of sunlight fading tests. As 
a result, it ts difficult to .secure reproducible results in successive tests at a given 
station, and far more so to make the results at one station compare wdth those 
obtained at another geographical location. For these reasons, exhaustive studies 
have been made by a Subcommittee on Light-fastness of the American Association 

Hibbert, E., J. Soc. Dyers Colourists, 44, 300 (1928); Brit. Ch&m. Abs., B, 854 (1928). 

, »MCurti«5, H. A., /. Am. Chem. Soc., 42, 720 (1920); J, Chem. Soc., 118, 342 (1920). 

Holmes, E. O., Jr., J. Am. Chem. Soc., 44, 1002 (1922). 

W8*PIotnikow, J., Elektrochem., 32, 13 (1926). 
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of Textile Chemists and Colorists to find a substitute for sunlight whose fading 
action will have speed, similarity to the action of the sun, and a capacity for exact 
reproduction at different times and places. Similar investigations have been under- 
taken in other countries.’^*® Recent workers have tended to emphasize the unsuit- 
ability of most artificial sources for giving results directly comparable with those 
of actual sunlight fading, since the effects in the latter case are predominantly due 
to absorption of visible rays, whereas the artificial sources most frequently advo- 
cated usually produce either disproportionately large amounts of the longer ultra- 
violet radiations of sunlight or even radiations of wave-lengths shorter than those 
available in sunlight.^®® Accordingly much effort has recently been expended in 
improving the sunlight test, flibbert observed that certain colors dyed on 
cotton and Cellophane exhibited very different fading rates when exposed to sun- 
light or to ultraviolet rays. The larger the proportion of short ultraviolet rays 
in the source employed, the greater the attack on the cellulose. This produces 
reducing substances which may affect the dye. Harrison observed that in 
vacuum under a mercury arc, cellulose reduced flavanthrene and many direct 
colors, the cellulose being itself oxidized. In sunlight, however, the cellulose is 
less rapidly attacked, and this explains why direct colors fade much more slowly 
in sunlight. The direct colors are said not to fade in the absence of the fiber, 
and wool is not as powerful a reducing agent for them as is irradiated cellulose. 
On the other hand, Harrison found basic colors to fade usually by oxidation 
processes, although fading by reduction may occur under certain conditions. Thus 
it is apparent that the nature of the substrate, as well as the spectral energy dis- 
tribution, is involved in determining the results of fading tests. 

It has frequently been stated that deep shades are faster than pale shades. 
Barker, Hirst and Lambert stated that measurements of the proportional losses 
of the predominant color in worsted fabrics dyed to different depths of shade with 
each of fifteen acid, mordant, and direct dyes, produced by sunlight and by light 
from a Fade-Ometer showed that the loss of color during fading was independent 
of the depth of the shade. Since the total color loss is the same for all shades, 
it is a much higher percentage of the total color in the pale than in the deep 
shades. Recently, however, attention has been called to the existence of a possi- 
bility that dyes exhibit a maximum sensitivity to light when present on the fibers 
at a certain concentration called the '‘mean critical tone.’* Pinte believes that 
all comparative tests should be made at the previously determined “mean critical 
tone,” since the fastness of a color improves the further it is from this value, 
whether toward zero, or 100. It is approximately 55 per cent for yellows, 45 per 
cent for oranges, 40 per cent for reds, and 35 per cent for violets, blues and greens. 

’®7('ady, W. H., Proc. Ant. Asxvc. Textile Chem. Colorists, 225, 1925; Am. Dyestuff Rept.^ 14, 
58; CheiH. Abs., 18, 906 (1924). For general discussion on light-fastness tests, sec Jameson, C. W., 
Am Dvestuff Rrpt., 21, 306 (1932); Qxjdings, A. C., Am Dvestuff Rept . 24, 663 (1935); Pci^ta* 
lozzi, S, Zellstoff und Papier, 17, 53 (1937); Chem. Ahs., 31, 3283 (1937); DeriWr#, M., Tiba, 
13, 173, 175, 259. 329, 331, 415, 417, 481, 547, 549, 607, 687 (1935). Schupp, K., Monatsh. 
^eide, Kunstseide, 41, 441, 488 (1936); Ris, H., Klcpsiff's TextiUZ , 39, 731 (1936); Rein, H., Ibid. 
39, 732 (1936); Beil, A., Angew. Chem., 49, 905 (1936); Hirst, H, R., J. Soc Dyets Colourists, 41, 
347 (1925); Merck, O, Farben Ztg , 34, 1117 (1929). 

Lantz, L. A., and others, Fastness Committee, Society of Dyers and Coloutists, 52 pp., 1934; 
Chem. Abs., 28. 7 5 38 (1934). 

i«»»Rein, H.. Angew. Chem., 47, 157 (1934). 

^«>Hibbert, E., J. Soc. Dyers Colourist.^. 48, 2Sl (1932), Chem Abs.. 27, 192 (1933), 

Harrison, W., J. Soc, Dyers Colourists, 28, 225 (1912). 

Barker, S. G , Hirst, IT. R., and Lambert, I\ N., J. Soc. Dyer^ Colourists, 43, 264 (1927); Chem 
Ahs., 21, 3746 (1927). 

Pint®, J., Chamhre Cotnmerce Roubaix Lab. recherches ind.. No. 25, 10 (1935); Chmk et tndus‘ 
trie, 34, 923; Chem. Abs., 30» 1234 (1936). 
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Humidity is also an important factor* Hedges observed that the fading by 
a Hanovia mercury arc of wool patterns dyed with Ponceau RG, Acid Green G 
and Cyaniii B under various conditions of humidity indicated an increased fading 
with increased humidity of the atmosphere surrounding the dyed patterns. The 
losses for these three dyes were for Ponceau RG at 52 and 100 per cent relative 
humidities, 1.5 and 4.9 per cent, for Acid Green G at 33 and 100 per cent, 11.2 
and 21.7 per cent, and for Cyanin B, at 24 and 100 per cent, 23.8 and 41.0 per cent. 

It is also important to agree upon the use of a definite method for determining 
the extent to which fading has occurred in a test. Many methods have been 
suggested. Gebhard recorded the change of color, whether fading or change 
to another tint, l)y orthochromatic photography, using a light filter of the same 
color as the original dyeing. Appel and Smith recorded the fading in the form 

of quantitative refiection measurements. Bravo used a Pulfrich step photometer 

with that otie of three spectral filters which most nearly coincided with the pre- 
dominant color of the dye in making his observations. Mougeot preferred a 
Toussaint photocolorimeter and believed '‘etalons’' unsatisfactory. Niederhauser 
recommended the use of a photocolorimetcr and, in the exposure the Toussaint 
and Pinte “insolameter,*^ which excludes dispersed daylight and measures the 
amount of light received by the illuminated materials. Probably the greater num- 
ber of observers rely upon a simple visual comparison of the faded material with 
dyed patterns retained in darkness as standards. Hirst, in an earlier period, 
indeed, considered such results as of more value than those obtained with the 
instruments then available. 

Sunlight Tests. Much evidence has been accumulated as to the efifects 
of variations of weather conditions on these tests : the data is so extensive that the 
original papers must be consulted. Barker and Hirst investigated the efifects 
on patterns on worsteds dyed with Victoria Blue and 85 other <lyes, of sunlight 
during the months January to June in Leeds and in the country nearby, and also 
under five different cloud conditions. Full sunlight caused a fairly constant rela- 
tive fading of Victoria Blue. Dull light had about one-tenth the effect of full sun- 
light. With Wardle, they charted the comparative sunlight values for different 
hours of the day for the six months included.^ The value of the light for the 
total period of exposure could be expressed, by the aid of their graphs, in terms 
of what they considered a definite unit, one hour of June midday sun. For the 
variations of sunlight in the United States, and the differences between sunlight 
and the light of various artificial sources, see AndersonJ'^^ 

Cady found the angle of exposure to be important, the fading being greatest 

Hedges, J. J., /. /?vrrj Colourists, 43. 261 (1927); Hill, L., Ibid,, 296, Cunliffe. P W., 

Ibid,, 45. 215 (1929); Chem. Abs., 21, 3746 (1927); 23, 4824 (1929). 

Gebhard, K., Farbcn. 22, 6 (1911), various methods have been discussed hv (\uilifFe, P. W,, 

J. Soc. Dyers Colourists, 45, 215 (1929). 

Api>el, W. D., and Smith, W. C., Proc Am. Assoc. Textile Chem. Colousts, 180 (1928), Chem 
Abs . 22. 3048 (1928). 

ter Bravo, G. A., Boll ufficiale stair, sper. ind. pclli mat. tonciantt, 8, 50 (1930); Chem. Abs., 24, 
2888 (1930); Boll, ufficiale stas, sper. ind pelli mat. concwnti, 9. 210 (1931); Chem. Abs., 25, 2321 
(1932). 

roe Mougeot, P., Bull. soc. frang. elec., 5, 965 (1935); Chem. Abs., 30, 4676 (1936). 

Niederhauser, Klepsig's Textil. Z., 39, 739 (1936); Chem. Abs., 31, 1623 (1937), 
rTO Hirst, H. R., /. Soc. Dyers and Colourists, 41, 347 (1925); Brit. Chem Abs., 1926B, 43. 

Barker, S. G,. and Hirst, H. R., /. Textile Inst., 17, 483T (1926); J. Soc Chem. Ind. Suppl 
976 (1926). 

ir* Barker. S. G., Hirst, H. R, and Watdle, G. C, J. Soc. Dyers Colourists, 43, .124 (1927). 
j'r* Anderson, W. T., Jr., Proc, Am. Assoc. Textile Chem. Colorists, 273 (1928). Note also Appel, 
W, D., Ibid., 275, and Cady, W. H., and Appel, W. I)., Ibid., 179 (1927). 

Cady, W. H., Proc. Am. Assoc. Textile Chem. Colorists, 225 (3925); Chem. Abs., 20, 668 (1926). 
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with horizontal exposures and less in order with 45® and with vertical ones. The 
angle of exposure is important only when total fading is considered; it has little 
effect on relative fading. Covering the samples with glass has effects which differ 
with different dyes. The effect of free circulation of air or the lack of it cannot 
be ignored. Continuous exposure produces different fading from that due to 
exposure only to the high cloudless sun. Direct sunlight has a different effect 
from skylight without sun. Exposures made in different localities show little 
variation in relative fading. 

Barker and Hirst described an expt)sure cabinet for protecting the patterns 
from dirt, soot and rain. As a transparent, protective screen they employed Vitii 
glass (see Chapter 10). Cady and Appel recorded the energy received by some 

of the samples with the aid of a barium photoelectric cell and automatic recorder. 
They found that approximately reproducible relative fadings could be obtained in 
a series of dyeings exposed in widely separated stations in the United States at 
different times in the year at an angle of 45® from the horizontal, facing south, 
between 9 A.M, and 3 P.M. on sunny days only, in a cabinet covered with a good 
grade of window glass approximately one-eighth inch thick. The cabinet was 
open at the sides and the distance between the glass and the samples not less than 
onc-half rich. They felt that no artificial light source could be recommended. 
The quantity of radiant energy as recorded in some of the exposures did not 
correspond to the amount of fading produced. In later work embracing 1252 dye- 
ings on cotton, wool, silk and weighted silk of 381 different coloring matters 
they found the presence or absence of a glass cover to have a marked effect on the 
fading in only 4 per cent of the samples. Earlier observations by Pierce had 
indicated that glass keeps out most of the active rays. Hirst had suggested 
that dyes intended for outside purposes should be directly exposed to sun and 
weather and that those intended for inside indoor use should he e'cposed under 
glass. It would seem that the use of Vita glass would permit the fading of the 
small group of dyes not susceptible to the wave-lengths transmitted by glass with- 
out complicating the results in the case of other dyes hy the use of radiations not 
present in the solar spectrumd'^^ Appel and Smith tested Corex, Vita and six 
other glasses on twenty samples determining the extent to which the fading was 
affected by the matiner in which they change the distribution of the intensities at 
various wave-lengths. It was found that the visible and long-wave ultraviolet of 
sunlight were relatively more important in comparison with the shorter wave- 
lengths of sunlight than had been commonly supposed. As a result they consid- 

ered window glass satisfactory for the standard sunlight test. 

Tlirst,”^^- who favored the use of the usual five degrees of fastness selected as 
standards the following (I>'es, given in increasing order of fastness : 0.4 per 
cent Tndigocarmine X (BDC). I. 1,5 per cent Ponceau RG (BDC). II. 2.75 

’^•Barker, S. G. and Hirst, HR.; D\crK Colourists, 43. 300 (1927), Chew, Abs,, 21. 

3747 (1927). 

Cady, W. H, and Appel, W. D, Proc, Am. Assoc. Textile Chem. Colorists, 179, 1927; Chem. 
Ahs.. 22. 3 1 9 (1928). 

Cady, W. H., and Appel, W. D,, Pror. Am. As.xac Trrttle Chem. Colorists, 217 (1939); Am, 

Dyestuff Kept., 18, 407; Chem. Ahs, 23, 4824 (1929). 

iw Pierce. E. W,. Chew. Eng., 97 (1918); TexHle World J., Jan 12, 1918. 

Hirst, H. R.. /. Soe Dyers and Cohunsts. 41, 347 (192*;); Brit Chem. Ahs, B, 43 (W26). 

Griffith, I. O., and Jenkins, R, G., J, Soe. Dyers Co/ourtsts, 43, 297 (1927) find plate glass as 
used in shop windows to tr.msmit 90 to 9S per cent of the visible spectrum and a small proportion of 
the ultraviolet from 3500 to 3000A but scarcely any of that between 3000 and 2900A. 

Appel, W. D., and Smith, W. C., Proc. Am. Assoc. Textile Chem. Colaurists, 180 (1928); Chem. 
Abs., 22, 3048 (1928). 

^ Hirst, H. R., /. Soe. Dyer.i and Colourists, 41, 347 (1925); Brit, Chem. Abs., B, 43 (1926). 
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pcT cent Azorubine (Sand,)t IH. 4.5 per cent Kiton Red S (CAC). IV. 2.5 per 
cent Chlorazol Fast Red FG (BDC). V. Indigo Full Shade or Natural Green 
B Tables of the German, English and American standards of dyes for 

light stability have recently been given by Wahl.^®* The standard wool dyes were 
tested at stations all over the world and were found to be of value in comparing the 
light effects available at various localities for testing other dyes simultaneously. 



Fic.ttre 128 . 

Apparatus for Dye or Paint 
Testing. 


Courtesy Cooper-Hervitt Flectric Co, 


Use of Artificial Sources. A number of early observers felt that the saving 
in time by and, they believed, greater reproducibility of the mercury arc as a source 
would more than compensate for any differences iti fading which some dyes might 
exhibit under Pierce believed that one hour under the mercury arc roughly 

paralleled an average day of exposure to sunlight. Apparatus of this type is com- 
mercially available (see Fig. 128) for both dye and paint testing. It consists merely 
of a circular cabinet about a vertical quartz mercury arc. The walls support remov- 
able panels to which the samples are attached. In comparing the action of the mer- 
cury arc with that of tlie sun, Scheurcr, who attempted to protect the dyes from 
any ozone formed, found that indigo resisted the mercury arc better than it did sun- 
light, although Benzo colors which were hardly faded by sunlight were materially 
changed by the mercury arc in 24 hours. After an extended study, Harrison 

Note also Dcady, W. F., Proc. Am, Assor. Textile Chem. Colorists, 242 (1925); Appel, W. D., 
Am, Dyestuff Hep,, 27, Pror. Am. A^soc. Textile Chem, Colorists P 15 (1938). 

a»*Wahl, A., Rev, g6n, mat, color, 40, 140 (1936); 41, 460 (1937). See also Cunliffc, P. W.. J, Tex 
Hie Inst,, 28, 203 (1937). For a new blue fastness scale, see Muller, E., Klepsig*s TextU Z., 39, 
732 (1936); Rein, H., Angew Chem., 47, 157 fl934). A standard should be adopted for interrelating 
fastness to light and to weather, according to Vendor, A., Monatschr. Texhl-Ind., 52, 262 (1937) ; 
Chem, Abs., 32, 1458 (1938). 

1918; Flynn, O. R., Am, Dye- 

f^Scheurer, A., Bull. soc. tnd. Mulhouse, 80, 324 (1911). 

Harrison, W., /. Soc, Dyers and Colourists, 28, 225 (1912). 


Pierce, E. W., Chem. Eng,, 97, 1918; Textile World J., Jan. 12, 
Stpuff Reptr., 12, 837 (1923); GehhaTd, K., Farbcn Ztg , 22. 6 (1911). 
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agreed not only that there are differences between the sun and the mercury arc 
effects but also that the effects are different with mercery arcs of high and of low 
intensity. Flynn extended these results and also used a filter of 1.25 mni. of 
crown glass with the mercury arc. Fig. 129 illustrates the relative fading of dyes 
on cotton when exposed to sunlight, the direct and the filtered mercury arc. The 
dyes are represented as rectangular strips, the degree of fading being repre- 
sented by the part of the strip cut out. The sunlight fading is at one end and 


Fioukk 129. 

Relative Fadiiifa: of Dyes on Cotton. 
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the filtered mercury arc fading at the other. The intervening fadings represent 
the effect of one-half hour and one hour exposure by the direct mercury arc and 
show the reversal of the relative fastness between the direct and basic dyes when 
exposed to the unfiltered mercury arc. Under this source silk and wool appear 
to have less reducing action on dyes than has cotton. 

"“Flynn. O. R., Textile World, 53, 25 (1923). 
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limori and Kitaoka^'*’ investigated the velocity of the bleaching of various dyes on 
cellulose acetate films before the mercury arc, but found it difBcult to find one empirical 
equation which would express the behavior of every dye tested. Bpzoic acid increased 
the rate of fading of methylene blue and disodiura phosphate and calcium sulfate decreased 
it a little. For methyl violet, disodium phosphate, borax and quinine sulfate increased 
the rate slightly and calcium sulfate decreased it a little. Bravo exposed a series of 
dyes on strips of filter paper at 50 cm. from' a 2000 c.p. mercury lamp operated without a 
nickel oxide screen. The samples were ventilated to eliminate the possible influence of 
heat and ozone. One hundred and one dyes of the nitroso-, nitro- and azo- type were 
classified into four groups according to their resistance to bleaching. The very resistant 
dyes of Group I showed no change or only very slight changes after three hours. The 
resistant or medium-resistant dyes of Group II showed definite changes after two to 
three hours. Those of slight resistance (Group III) were altered in one to two 
hours. The non-resistant dyes of Group IV suffered intense changes in color or 
profound discoloration after one hour or less. Dyes of the nitro-, nitroso-, azo-, stilbene, 
pyrazolone, diphenylniethane and triphenylmethane, xanthene, acridine, quinoline, azine, 
oxazine and thiazine series were subsequently included. Bravo compared the percentage 
reflection at each of several wave-lengths photometrically with the corresponding values 
for a barium sulfate surface. In this way it was possible to study quantitatively the 
color changes which occur during fading. 

found the fading of worsteds dyed with Tndigocarniine X, Ponceau RG 
and Neolan Green B to be chiefly dependent on the ultraviolet of shorter wave- 
lengths emitted by the mercury arc. A tungsten arc lamp of the Osram Co. of 
Berlin was claimed by Hochheim and Knebel to have a spectral distribution 
very similar to that of normal sunlight and therefore to be superior to the mer- 
cury arc. 

It was early found by Gordon that results with the violet carbon arc com- 
pare more closely to tliose of average sunlight than do those with the mercury 
arc. They agreed more closely with those of average sunligdit than the results 
of Arizona and New Jersey sunlight agreed with each other. The white flame 
carbon arc gave rather better results in some cases hut was only lialf as rapid as 
the violet arc. Mott and Bedford stated that for e<|iial line energy, the effect 

of the white ffamc arc on Solio paper was five to six times i)etter than that of a 

110-volt quartz mercury arc operating at four atmospheres at 60 arc volts. 

Recently there has been great progress in the development of carbons which 
yield definite reproducible distributions of energy in various spectral regions ; those 
have been discussed in Chapter 5 Various forms of apparatus employing the 
carbon arc have been put upon the market. In one form,^*^^‘ a number of ''swatch 
boxes" in which samples of fabrics, paints, etc. may be exposed under definite 
conditions of humidity arc arranged around a carbon arc. They arc mounted on 
trunnions which are hollow and serve to supply conditioned air to all the boxes 
in series. When any swatch box is thrown down for inspection, the rotation of 
the trunnion causes the air stream to be by-passed around that box.^^^^ 

limorl, S,, and Kitaoka, K, J. Ghent. Soc Japan, 48, 479 (1927); Chem. Ahs , 22, 1855 (1928), 

Bravo, G., Bol. tifficiale staff sper. md pel It mat. conctanti, 8, 50, 184, 2928 (1930); 9, 210 (1931). 

Jndustria Chtmica, 9, 313, 461 (1934); Bnt, Chem. Ahs., B, 711 (1934); Chem. Abs , 25, 2295, 3173 
(1931); 28, 423 8, 6316 (1934). 

Hill, L.. /. Soc. Dyers Colourists, 43, 296 (1927); Brit. Chem. Abs., B, 839 (1927). Gordon, 
H. B., Textile Colorist. 43, 29 (1921). 

loa Hochheim, E., and Knebel, E, Textilber., 6, 912 (1925); Bnt. Chem. Ahs. B, 437 (1926); Chem. 
Ahs,. 20, 669 (1926). See also Appel, W. D, Proc. Am. Assoc. Textile Chem. Colorists, 246 (1925); 
Am. Dyestuff Kept., 14, 882. 

Gordon, H. B.. Textile Colorist, 43, 29 (1921); / Soc. Chem. Jnd , 40, 149R (1921), 

Mott, W. jR., and Bedford, C. W., J. Jnd. Eng. Chem., 8, 1029 (1916). See also Cady, W. H., 
Proc. Am. Assoc Textile Chem. Colorists. 42 (1925). 

'‘W King, F. A., British F. 309,726, April 2, 1928, to Kelvin, Bottomley and Baird Co.; Brit. Chem. 
Ahs. B, 461 (1929). 

^^ For another form, Hall, R. O., U. S. P. 1,969,606, to Ontario Research Foundation, and 
Bedford, E. F., Silk J,, 11, No. 131, 38 (1935). 
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One of the most widely used types of commercial equipment is the Fade-Ometer 
(Fig, 130). In this, samples in metal specimen holders arranged in a circle are 
exposed to the light of a violet carbon arc enclosed in a 9200~PX glass globe. 
Ventilation is provided and the temperature is controlled by a thermostatically 
controlled blower. Textiles, papers and silks are generally tested Ixitween 98^ 
and 104^F., but auto topping and similar materials arc exposed at 140® to 150®F. 


JUGURE lv30. 

Fade-Ometer, Type FDA. 




Courtesy Atlat Electnc Dertcef Co 



A relative humidity of 42 to 60 per cent at the specimens is pi educed h\ wicks in 
a water reservoir placed beU)w the specimen chamber. The air coming in contact 
with the specimens must filter through 1600 sep in. of saturated wicking. The 
light from the source employed is so near that of sunlight that 05 per cent of a 
series of 40 dyes tested by it faded exactly as in sunlight or acceptablv close to the 
sunlight fading. The light is somewhat more intense than sunlight so that for 
textiles one hour in the Fade-Ometer is equivalent to 1 3 hours of summer sun- 
light. For lithographic inks, 2.33 Fade-Ometer hours are approximately equiva- 
lent to six hours of sun exposure. In general for dyed textiles, 48 Fade-Ometer 
hours are equivalent to 10 days of summer or 180 days of winter sunlight. For 
printing inks, paper, etc., the 48 hour test is equivalent to 20 average days of sum- 
mer or 360 days of winter sunlight. 
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Barker and Hirst determined the fading of woolen and worsted patterns 
dyed with about 50 acid, direct, vat and mordant dyes in Indian, Ceylon and 
English sunlight and in the light of a Fade-Ometer, They used a Lovibond 
tintometer for direct visual comparisons and for measurements of the fluorescence 
in filtered ultraviolet light. By comparison of the fluorescence patterns it was 
possible to tell which samples had been faded in England, which in the tropics 
and which by the Fjide-Ometer. The results in the latter case did not agree with 
those of exposure of the patterns to direct sunlight. Also less fading occurred in 
the tropics than in England, The discrepancies were attributed to the differences 
in the humidity. 

The progressive loss of the predominant color in worvsteds dyed with Tndigo- 
carmine X, Wool Green S, Neolan Green B, Acid Violet 6B, Magenta and Pon- 
ceau RG and Chlorazol Blue B in the Fade-Ometer are given by the expression 
in which t is the time of exposure in hours, I is the percentage loss of pre- 
dominant color, a is a constant which depends on the dye and n is 1.9 or 2.0. The 
actual and calculated color losses differ slightly during the early stages of fading. 

Appel recently concluded that the change in reflectance of some dyeings 
on exposure to light is not proportional to the intensity of the incident radiation, 
since when the intensity of the 'Fade-Ometer light was cut to one-tenth, the time 
required to produce a definite fading m different dyes was anywhere from two 
to ten times that required at the original intensity. Similarly, lowering the 
relative humidity from 75 to 31 per cent retarded the rate of fading of some dyes 
by a factor of two, but failed to affect the rate of fading of others. 

Kinsman employs the carbon arc and believes an exposure of 64 hours to 
be roughly equivalent to one month of summer sunlight. F'rom comparisons of 
the results produced by the Fade-Ometer and sunlight, Griffith, Erode and Robert- 
son conclude the former (Type LV) to be a satisfactory substitute for the 
latter. Peach, yellow and green pure dyed Tru-hu silk crepe and yellow, blue and 
rose Peter Pan gingham were used in their tests. The blue gingham did not fade 
in cither the sun or the Fadc-Ometer : the rose gingliam faded more in the sun, 
particularly in the Idue-greon portion of the spectrum. The yellow gingham faded 
only after exposure to 150 hours of sunlight or in the Fade-Ometer. The peach, 
yellow and green silk crepes faded tc» the same extent with both sources. 

Luckiesh and Tayhjr noted that 2Z silk ril)hons exposed to sunlight and sky- 
light at 3900 foot-candles for 11 hours, or to skylight alone at 450 foot-candics for 
40 hours, showed as much fading as those exposed to 500 foot-candles from tungsten 
lamps for 100 hours. Approximately cijual degrees of fading will result from 
exposure to the tungsten-filament radiation for 100 foot-candle hours, skylight for 
34, or sunlight and skylight combined for 


Barker, S. C.. aiid II K .A Dyers Cohurufs, 43, 254 (1927) ; Barker, S, G., Hirst. 

zoZfuoni)hk7m-AiZ wrslvfnwv'"''"- 

i«»Kmeiiian, S. T., J, Oil and Colour Chem. Assoc,, 12, 274 (1929); BrU Chem, Ahs,, 1930B, 5J. 

28™02Wi<i?4i.^"‘^ Rohertson. H.. Ohxo Agr. Sta. BnnonMy Bull., 143 

V“s27T^(m7r'^ of various sources, see Jl.id6eld, I. H., /. Text- 

Swhmsy’ U. 613, 636 (1925); Chem. Ahs., 19, 

J?cTrif2t.l3rOP32’.“ ultraviolet on certain dye., ,ee McEwen, J. L., Am. Dyeet«ff 
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Varioui Tfpw oi Dy««tul!a. Heermann*^ proposed to classify dye and textile 
fiber systems into four groups according to their susceptibility to light of various wave- 
lengths* These classes, termed **micro,'* ‘'macro/' "homo"* and “mesotropic,” are, respec- 
tively, most susceptible to light of short wave-lengths, long wave-leng&s, all Wave- 
lengths and to ultraviolet rays of sunlight. Auramine, which is notoriously not fast 
to sunlight, resists short ultraviolet rays rather well. 

In azo dyes,^®® the naphtha dyes having a hydroxyl group in the 2-position are 
superior to those in which it is in the 1 -position. The exceptions are 1-naphtliol- 
4-sulfonic acid, which is comparatively fast, and 2-naphthol-3,6~disul£onic acid, 
which is fugitive. The presence of two sulfonic acid groups in the naphthol 
nucleus does not decrease the fastness of the dyestuff. />-Sul£anilic dyes are more 
affected than o-rsulfanilic acid dyes but less than ;n-sulfanilic acid dyes. The 
degree of darkening is little influenced by the presence or position of the sulfonic 
acid group in the benzene nucleus, although there is slightly less darkening in the 
0 - and /►-sulfanilic acid dyes. The combined effect of fading and darkening, which 
gives the total effect of light on these dyes, indicates that the o-sulfanilic acid 
dyes are superior to those made from aniline and and m~sulfanilic acids. 

Kinsman classifies lakes into five arbitrary groups according to the effects 
of light upon them. Group I, no perceptible alteration after one month in summer 
sunshine; II, slight loss; III, distinct loss in depth or alteration of sliade; IV, dis- 
tinct loss or alteration after 14 days; V, practically complete bleaching after one 
week. In practice, however, an accelerated test with a carbon arc was employed. 
Lakes belonging in the respective classes w^ere as follows: I, Alizarin-red, alumi- 
num calcium phosphate lake; 11, Permanent-red 4B, calcium salt; Til, Lithol- 
red R, barium salt; IV, Kosin YS, lead vsalt, barium sulfate base; V, lakes of 
fastness less than that of eosin. The carbon arc readings of these types are; 
unbleached after 240 hours, practically unbleached after 120 hours, bleached after 
60 hours, bleached after 34 hours, bleached in less than 34 hours. 

Wool patterns heavily dyed with Naphthol Yellow S, after exposure to sunlight 
until extensive browning had occurred, responded to a color test for 2-nitro-4- 
amino-of‘naphthol-7-sulfonic acid, indicating the browning to be the result of 
photoreduclion.^^^ The slow Ifleaching of annatto solutions by air is much more 
rapid in light.2<>^^ 

If dyed Celanese is treated with such organic bases as diinethylaniline or 
iHethylaniline, which absorb wave-lengtbs shorter than a]>out 340()A, the light 
fastness of certain colors is improved. Colors strong in nitio- groups how^ever, 
seemed to be deteriorated by this treatment.-^^*^ The best protection for airplane 
wings is to dye the dope with spirit black.-^<' 

Colored Papers. Very similar methods are employed in testing the fading 
of dyes applied to paper. Appel and Bentzen-'^ recommend the Atlas Fade- 

Hcermann, P., Chem. Ziij , 48, 813 . 834 0924). For lecent leviews sec H. Niimiya, Ckem, Rev. 
(Japan), 3, 401 (1937); Pierce, E W., Rayon Textile Monthly, 19, 249, 263 (1938), Volz, K., Spmner 
n. Weber, 56, No. 34, 43, 53 (1938). 

Griffith, M. E., Ohw Agr. llApt. Sta., Bull. No 548, 80 (1935); Griffith, M. E.. and Brodc, W. R,, 
Ibid., Bull. 565, 3 (1936); Am. Dyestuff Kept., 26, 90 (1937); Chem. Abs., 30, 1565 (1936); U, 
1211 (1937). 

Kinsman, S. T., J. Oil and Colour Chein. Assoc., 12, 274 (1929); Chrm. Abs., 24, 737 (1930), 

Hodgson, H. H., and Smith, E. W„ /. Soc. Chem. Ind., 56, lORT (1937); Chem. Abs., 31, 4500 
(1937). 

»<»Banncoat, C. R., /. Dairy Research, 8, 61 (1937); Chent. Abs., 31. 3581 (1937). 

Ellis, G. H., Chem Ane, 13, 470 (1925); J Soc. Chem. Ind., 44, 1093 (1925). 

First Report Fabrics ('oSrdinalingr Rcseatch Committee, Dept. Sci. Ind. Reseauh, 10 (1925); 
Chemical Age (London), 13, 331. 397 (1925). 

Appel, W. D., and Bcntrcn. T., F’aper Tiade 88, No. 9, 42 (1929); Chem. Abs., 23, 3095 
(1929); Dalen, G., and Wilke, P., used the meicury aic, Papici -Fabr., 26, 199; Chem. Abs., 2^ 2272 
(1928), 
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Ometer, particularly the type equipped with a fan to prevent excessive heating 
of the sample. Grundy who also approved the method, noted that the exposed 
dyeings should be allowed to cool a short time before comparing the colors, since 
a slight change in shade may be due to the heat of the arc, rather than to fading. 
It did not seem possible to make standard numerical specifications for the light- 
fastness of colors on all qualities of paper. No basic colors were found which had 
sufficient fastness to receive consideration for the production of fast-to-light shades. 
With the ordinary type of soluble synthetic dyestufifs generally applied on paper, it 
seemed impossible to obtain fast shades on furnishes containing even small quanti- 
ties of brown wood. The most suitable furnishes for fast-to-light shades are 
bleached sulfite, bleached soda, esparto, bleached rag, and under certain conditions 
unbleached sulfite, cither individually or in mixture. 

Loading materials afYect the light fastness of dyes in paper, partly because 
of the alkalinity of the filler. The pll of filled or unfilled papers is generally 
reduced by exposure to sunlight. I^apers of lower pi 3 values are the more easily 
faded. Dyes which are fast to light are generally acid resistant. 

Riesenfeld and Hamburger employed the time of exposure to a standard 
ultraviolet source required to produce a definite change in fluorescence as a 
measure of the relative light fastness of d 3 ^ed papers. 

Harrison did not approve the use of the Grant method of following the 
reduction of fluorescence on irradiation, but could find no suitable inexpensive 
daylight lamp for comparing the samples. He proposed the use of lileached sulfite 
pulp, colored with graduated amounts of fast dyes, including tlie Chlorantin colors, 
or using one amount with additions of hexadecylpyridiniuni bromide to decrease 
the fastness. The sheets were then exposed to direct sunlight f(>r 6, 12, 24, 48 and 
96 hours and compared with controls or with irradiated controls wdlhout the addi- 
tion of the deteriorating agent. He measured the light intensity to w^hich the 
sample was exposed by an actinometric paper and a wedge-shaped slide transmit- 
ting graded amounts of light. This, when laid over a standard colored sheet, 
wSimulates the effect of graded bleaching. With this method, the best results w^ere 
obtained with a pure rag paper, sized with 2 per cent rosin and 4 per cent alum, 
and dyed with Acid Rhodamin 3R. 

Inks. Proposals have been made to employ ultraviolet radiations for testing inks 
by measuring the color of streaks on paper after exposure for tw^o weeks to sunlight 
or for a shorter period to ultraviolet light.-^® The Bureau of Standards recom- 
mended an c.xposure of 48 hours to ultraviolet light. A comparison streak of a 
standard ink w^as simultaneously exposed Turner classified about fifty pig- 
ments into four groups according to thedr light fastness in printing ink. 

Tests by Mitchell did not substantiate the claim that ultraviolet fluorescence 
tests can be used for the differentiation of different types of inks or for the deter- 
mination of their ages. 


Grundy, J. G., Pf'orld's Paper Trade Rev , 101, 1240, 1242, 1280, 1399, 1442 (1934); paper Maker 

and British Paper Trade 88, No. 1, 138 (19.14), Chem Abi , 28, 70 1 0 (1934). 

Pestalozzi, S., Zellstoff u. Papier, 15, 496 (1935), them. Ahs . 30, 15 58 (1936). 

Ricaenfeld, K. II, and Hamburger, T, PapterAuibr , 29, 164 (1931); Brit. Chem Abs., B, 625 

aie Harrison, H. A., Papier-Fabr,, 34, Tech. Tcil, 321, 329 (1936); Chem. Ahs., 31, 856 (1937); 
Paper^Maker, TS 54 (1936); Chem. Ahs, 31, 2428 (1937); Svensk Papperstidn , 39, 352 (1936). 
Rupert, F. F., Ind. Bng. Chem., 15, 489 (1923), 7. Soc. Chem. Ind , 42, 612A (1923), 

Bureau of Standards Circular 95 (1920). 

Turner, J. S., Am. Ink Maker, No 1, 19 (1936); Chem. Ab.t., 30, 5817 (19 36)- Deeney T I 

Am. m Maker. 11, No. 2, 9, 23; No. 3, 13 (1933) them. Ahs., 27, 5557 (19.33) J- J > 

Mitchell, C. A., Analyst, 55, 746 (19.10). 
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Ink on freshly printed sheets dries faster when exposed at a distance of six 
inches from a mercury arc than in diffused lights, especially at higher temper- 
atures.®^® ' 

In making hectograph copying pads, a gelatinous mass (gelatin, water and 
glycerol) is treated with a minute proportion of a light-sensitive tanning agent 
such as ammonium dichromate and subjected to the action of ultraviolet light 
to effect tanning.22^ 

Fluorescence Tests of Dyes. Hirst and King-^^ found that certain Indigo- 
sol dyeings on wool showed in ultraviolet light a strong violet fluorescence on the 
original dyeing, but not on portions which had been exposed to light for some 
weeks. They suggested that the fluorescence might indicate incomplete oxidation 
and incomplete development since its intensity varied when different oxidizers w^ere 
used. The method also could be used for indicating the degree of exhaustion of 
the dye-bath and was thought of value in the control of this type of dyeing. 
Kummerer tabulated the fluorescence colors in ultraviolet light of variously 
dyed fabrics. The determination of fibers by their flttorescence colors is. accord- 
ing to Sommer,^*’^ subject to distinct limitations. For example, the dye present 
may entintly obscure the fluorescence color of the fabric or even lead to false 
conclusions. No certain distinction could be made between dyed flax and hemp. 
Bleached linen and cotton could not be distinguished nor could mohair and wool. 
Egyptian cotton is readily determined, as is dyed wool intended as a substitute for 
camel hair. Oil spots on fabrics are especially distinct. Alkali or acid damage 
to wool is not determinable by this method. After sulfite cellulose pulp has been 
exposed to a bright light it cannot be distinguished in this manner from soda pulp. 
The method cannot be used to identify coloring matters, according to Radley.^^'"* 

Textile Printing 

Haendel described a process in which woven and knitted or plaited fabrics, 
leather and other materials are dyed or figuredi by treating them with light-sensitive 
compounds and subsequently exposing them to the action of light. Substances may 
be used which form dyes when exposed to light, such as mixtures of a sulfonated 
diazo- compound, e.g., sodium phenyldiazosulfonate and an azo- component such 
as aniline hydrochloride. Light-sensitive substances which lose their capacity to 
form dyes when exposed to light may be used. 

Designs may be applied to yarns, bands or fabrics of non-animal origin in a 
continuous operation involving application of a metal compound convertible photo- 
chemically into a compound in which the valence of the metal is dififerent, expo- 
sure to ultraviolet liglit passing through a pattern, washing, conversion of either 


Brown, R. A., Am Ink Maker, 9, No. 3. 21 (1931): Chem Ahs . 25, 3500 (1931). The carbon 
aic is used by Arcnd. A. G., Process Engraver* s Monthly, 44, 173 (1937). 

Whitmore, W. B., U, S. P. 2.024,408, Dec. 17, 1935, to Ditto, Tnc ; Chem. Ahs., 30, 1150 (1936). 

Hirst, H. R., and Ktnry, A. T., J Soc Dyers Colourisis, 43, 266 (1927); Chem Abs., 22, 2276 
(1928); 7. Textile Inst., Special No. 18, 369T (1927); Chem. Abs, 22, 2061 (1928). 

Kummerer, L., Melhand Textilher., 9, 415 (1928), Sisley, P, [Chimie ct Industrie, Special num- 
ber 508 (March 1932)3 gives data on 1200 dyes 

^Sommer, H., Melhand Textilher., 9, 753 (1928); Chem. Ahs., 22, 4825 (1928); compare de Buda, 
G., Cuir tech., 21, 98 (1932); Chem. Ahs., 26, 3115 (3932). 

Radley, J. A.. 7. Soc. Dyers Colourists, 53, 376 (1937); Chem. Ahs.. 32, 364 (1938), 

In the decoration of fabfics by the redticing action of light on silver salts, Michels, M , (German 
P. 441,690, May 4, 1926; Bull. soc. ind. Muthouse, 94, 124, 135 (1928); Chem. Abs., 22, 2468 (1928)3 
uses as a mordant for all basic dyes, a material formed from complex copper compounds. 

“"Haendel, W., British P. 309,166, April 7, 1928; Chem. Abs.. 24, S09 (1930). 
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the altered or tiiialtcred portion of the metal compound into a substance which 
cannot be washed out, washing and drying.^^^ 

In an example, linen is passed through potassium dichroxnate solution, then 
over a rotary stencil containing one or more carbon arc lamps or mercury dis- 
charge tubes, treated with sodium alizarine sulfonate solution after passing through 
water, washing and drying. 

Fre 3 rtag^®^ showed that ultraviolet irradiation of solutions containing aniline 
hydrocldoride and suitable oxidizing agents and catalysts as used in aniline black 
dyeing markedly accelerates the formation of the aniline black pigment. Satis- 
factory reproduction of images may be obtained by impregnating paper or cotton 
fabric with a 1- to 25-per cent solution of aniline hydrochloride containing five 
drops of aqueous 4-per cent pf^tassium ferricyanide and 18 to 24 drops of lO-per 
cent aqueous sodium chlorate per 30 cc., covering with a photograpliic negative 
and exposing for fifteen minutes to ultraviolet light, and washing out unchanged 
aniline with water. 

Similarly, solutions of either of the phcnvlenediamines produce a yellow or 
brown color formed by oxidation of the base. The naphthylamines behave in 
an analogous manner.^^^ The process h assisted by the presence of about 1 
per cent of an alkaline nitrate in the naplithylamine bath. With ^“naphthyl- 
amine, the process is very rapid and will take place even in sunlight. 

Freytag and Muller also employed 2-henzyl pyridine, which becomes deep 
brown on exposure to light. Radiation of 2000 to 4()00A converts it into a green 
dye. The compound is applied in 96-per cent alcohol and the solvent evaporated 
before making the exposure to light through a negative. The excess f)f unaltered 
compound is removed with dilute hydrochloiic acid. The fastne.ss of the photo- 
pyridine Cfjlors can be improved by coupling with diazoti/ed bases. After 
exposure for thirty to forty-five minutes at 30 to SO cm. from a quartz lamp, the 
sample is passed through a boiling acid bath containing two to three per cent of a 
primary aromatic amine. The color thus obtained lacks fastness, but this may be 
improved by treating it without washing with a solution of a diazonium salt of an 
aromatic base. There is considerable change in the color. 

Benzidine and tolidine on irradiation in the piesenco of so<Uum nitrate are 
oxidized on the fiber to fast dyes,'^^"^ The samples t){ cotton and artificial silk so 
treated are coffee-brown wdlh benzidine and veliowish-brovvii with o-tolidine. A 
number of amiiio-naphtholsulfonic acids have also been The most suitable 

substances are the pyridines and the aniline salts of 8-nitro- 1-naphlhalenesulfonic 
acid. The best results are obtained when the exposures are made in a damp 
atmosphere. 

Stabilized isodiazotate solutions of aniline, p brom* and p-iodo- aniline, etc. 

British P. 380,208, April 23, 1931, tn N. V. Phillips Gloeilaropenfabrieken; French P. 768,261, 
Aiig. 3, 1934; Chi^ Ahs , 27, 30 87 (193 3); 29, 621 (1935). 

^ For a geneial discussion of printing by photocheniicnl ptoce.sses, see Weickart, F., Monatsh Seide, 
Kunsiseide, 38, 474 (1933). 

Freytag, H., MAltand. Textxlher,, U, 144 (1932); Chem. Ahs., 27, 1834 (1933). 

Freytag, H., Phot Korr., 69, 184 (1933), Chem. Abs , 28, 7538 (1934). 

Freytag, IT, and Muller, A., Monatschr. TextiUnd., 48, 239, 273 (1933); Chem. Abs., 28, 5245 
(1934). 

»» Freytag, H., Monatschr. 1 exithnd., 48, 107, 130 (1933); Chxmie ct industrie, 31, 621; Chem. Abs., 
28, 3590 (1934). 

Freytag, H., and Preiss, S., Monatschr. TexUHnd., 49, 209, 231 (1934); Chem. Abs., 29, 2362 
(1935), 

^^matschr. TextiHnd., 49, 262 (1934); Chem. Abs., 29, 23 62 (193 5); Phot. Korr.. 71, 52 (1935). 

as^^Oddo, G, Indovina, R., Albanese, G., and Amatorc, G., Caae. chim. ital., 65. 939 (1935); Chem. 
Abs., 30, 3792 (1936). 
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again acquire the power of coupling after thirty minutes of exposure to sunlight, 
ultraviolet light or an ordinary incandescent lamp. This is of importance in the 
dyeing and printing of textiles, since it is unnecessary to treat the salts with hydro- 
chloric acid to form diazonium salts and to couple these with alkaline /3-naphthol 
or other phenols, or with a base, but only to expose the solutions with the other 
azo- component to heat, sunlight or ultraviolet light It may also be of importance 
in negative diazo-printing. It was found possible with the halogeuated bases 
easily to reproduce not only the image of any object impenetrable to sunlight, but 
also the colored image of the negative obtained by the ordinary photographic 
process.^^*^ The effect is not observed with o-loluidine, 1,3,4-xylidine, pseudo- 
cumidine and mesidine. Acidification of the alkaline coupling solution of diazo- 
tized aniline and acetamide gave a colorless precipitate which when dried rapidly 
in darkness was found to have the composition and molecular weight of acetyl- 
phenyltriazene. The crystals became reddish yellow in diffused light and after 
two weeks were a beautiful dark red. During this process the melting point 
dropped from 101 to 

Cloth treated with certain vat dyes and dried may also be printed under a 
negative until the desired oxidation is complete, after which the unoxidized portion 
of the dye is removed by a boiling soap solution.^'^^ The dyes sensitive to ultra- 
violet include Indigosol Orange HR, Scarlet HR and Pink HR. Indigosol 4B and 
HB are less sensitive to sunlight. 

Photographic Papers 

In obtaining photographic images, Gay^^® mixed light-sensitive diazo- com- 
pounds vith 0-acyl derivatives of the phenols or napbthols, used as coupling com- 
ponents in development. The phenols or naphthols are liberated by development 
with ammonia gas or a dilute alkaline bath and a colored positive image is 
obtained. 

For diazotypes, Kalle & Co.^^^ use a diazo- compound capable of self-coupling 
in alkaline media applied in neutral or acid solution to the support. After expo- 
sure under a positive, the print is developed with gaseous ammonia. Suitable 
diazo- compounds are those from H-acid, 3-amino-6-N-piperidinobcnzoyl-H-acid 
and 2,7-aminonaphthol. 

Spencer ^^2 states that diazo- compounds for photographic papers should be 
sufficiently sensitive to light, and stable toward heat, mechanical shock, and to the 
paper base upon which they may be coated in sufficient concentration by the use 
of an inert solvent. They should couple readily with amines and phenolic com- 
pounds to give dark-colored substances insoluble in water and stable to light. The 
decomposition products should not interfere with the color or stability of the 
image. The following types of paper are possible: (a) the diazo- compound is 
decomposed by light and is developed by application of an alkaline coupler which 
reacts only with the unchanged diazo- compounds; fb) the diazo- compound and 
coupler are coated together, but reaction is prevented by the presence of an organic 

»^Oddo, G, and rndovina, R.. Gasa rhim 65, 1037, 1099 (193.S); Chem. Abs., 30, 4830 (1936). 

««Oddo, G., and Algenno, A., Ber , 69B, 279 (1936); C/jew. Abs., 30, 341$ (J936), For a dis- 
cussion of visible light effects in certain phenyl dibenzoxanthreniuin dyes, see Dilthev, W., and Quint, F., 
Ber., 69B. 1575 (1936). 

®»Cowper, W.. Calico Printer, 58, 117 (1927); Chem. Abs., 22, 1045 (1928). 

®‘«Gay, E., British P. 282,894 and 283,274 (1926); Brit. Chem. Abs., B, 173 (1928). 

«« British P. 297,363, Ati«. 19, 1928, to Kalle and ("o.; Brit. Chem. Abs.. B, 350 (1930) 

Spencer, D. A., Phot 68, 490 (1928); Brit Chem. Abs., B, 73 (1929), 
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acid, such papers being developed by weak alkali solutions or ammonia vapor; 
(c) the dia^o- compound is coated with a coupler in an unreactive state, e,g,, as 
an additive compound, development being effected by breaking up the additive 
compound by heat, ammonia, etc. ; (d) the diazo* compound is decomposed by light 
into a substance which will react with the original diazo- compound either on 
keeping or in the’ presence of alkali. 

A combination of boric acid and an organic acid (citric, tartaric) is more 
efficient than the organic acid alone in preventing the premature formation of 
coloring matters in diazo- papers in which the coupling agent and the diazo- com- 
pound are applied together.^'**'* A suitable coating mixture is: stannic chloride 
double salt of 4-diazo-i-dimethylaniline, 22, boric acid, 20, tartaric acid, 50, phloro- 
glucinol 2 and water 1000 parts. Preservation by depriving the surface of mois- 
ture during the preparation is also described 

Neuroth^^® prepared light-sensitive layers by bringing aryl azides onto a 
support together with phenols, aromatic amines or aminophenols. Development of 
the expOvSed layer is effected by washing out the unreacted azide or by rendering 
it inactive by reduction. 2^*6 

Schmidt and Spietschka described the manufacture of light-sensitive paper 
from diazo- compounds of aminonaphtholcarhoxylic acids, such as l-diazo-2- 
hydroxy-3-naphthoic acid in sodium hydroxide. If exposed beneath a negative 
and washed with water, a blue-black print on a pure white ground is obtained. 
Schmidt and Zahn add a compound other than a dye showing strong ultra- 
violet absorption, as sodium 6-phenyl-2-aminopseiido aziminobenzene-3,4'-disulfo- 
nate, to inks, or crayons for making drawings from which blue prints are to be 
prepared, in order to secure clearer reproduction. 

Miscellaneous Processes. In a photographic method for the reproduction 
of natural wood grains, the softer parts of the wood are removed by chemical 
and mechanical means. The pattern is then fixed on a photographic plate from 
which the printing surface is produced. The treated wood may be illuminated by 
ultraviolet light for reproduction or may be directly printed by x-rays.^^® 

Beebe described a compound adapted for reproducing designs on metal, 
glass, etc. which comprises a varnish containing a light-sensitive oil (tung) and 
an accelerator (iodine) which serves to accelerate the action of light on the varnish 
for photographic purposes. 

On the assumption that cellulose products as ether.s or esters, papers, artificial 
soaps, etc., on exposure to ultraviolet light become permeable to gases, vapors or 
liquids, Kleiner, patented a method for the production and reproduction of pic- 
tures or designs by visible or invisible rays. 

British P. 2194,247, July 16, 1928, to Kalle & Co.; Bnt, Chevn. Ahs., B, 1033 (1929). 

N. V. Phillips^ Gioeilampenfabriekcn. French P. 794,590, Feb. 20, 1936; Ckcm, Abs., 30, 5137 
(1936). 

“♦''Neuroth, H., German P. 510,165, Oct. 22, 1929, to Kalle & Co ; Chrm, Ahs., 25, 886 (1931). 
5««Scc also Werner, G, U. S. P. 2,063,832; Chem. Abs., 31, 620 (1937); Almk, R.. U. S. P. 
2,083,285; Chem. Abs., 31, 5285 (1937). 

Schmidt, M. P., and Spietschka, W., German P. 470,088, Dec. 11, 1927, to Kalle fit Co. ‘ Chem. 
Abs., 25. 466 (1931). 

Schmidt, M. P., and Zahn, R., German P. 517,159, July 24, 1926, to Kalle & Co.; Chem. Ahs., 
25, 2066 (1931). 

British P. 308,373-4-5-6, March 22, 1928, to Masa G.m.b.H. zur Hcrstellung kunstlicher Ober- 
flache; Chem. Abs., 24, 32 (1930). Sec also for another process, R. R. Tanner, U, S. P. 2,127,944, 
Aug. 23, 1938; Chem. Abs, 32, 7840 (1932). 

Beebe, M. C, U. S. P. 1,574.356-7-8-9. Feb, 23, 1926; Chem. Abs., 20, 1362 (1926). 

Kleiner, S., British P, 413,095. April 26. 1933; Chem. Abs, 29, 417 (1935). 
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Polden employs light or ultraviolet radiations or electric currents at super- 
atmospheric pressures to accelerate the bleaching of ^ortoise shell and similar 
natural materials by bleaching agents that yield nascent oxygen, such as hydrogen 
peroxide. 

Polden, D. C., British P. 429, S24, May 31, 1935; Chem. Abs., 29, 7531 (1935)' 



Chapter 33 

Miscellaneous Applications of Ultraviolet Light 

An application of the polymerization of oih by ultraviolet light is to be found 
in the production of patent leather. It has been claimed that the exposure of the 
varnished surfaces to the action of a mercury -vapor lamp gives the same result in 
one and one-half hours as is obtained by several days of exposure to sunlight. 
The method is not, however, widely used. 

One process is carried out in an atmosphere containing aininonia derivatives, nitro- 
gen, hydrogen or other neutral gases/ or in an exhausted chamber. The leather is 
carried on frames in tlie diainber, quartz lamps being arranged between the frames.*' 
Lumbard* claims that better results are obtained if the extreme ultraviolet rays are 
filtered out. 

An apparatus for the treatment described by Priest, ‘ comprises a frame arpnged on 
bearings which serves as a support for the hides which are to have their varnished sur- 
faces exposed to the direct action of the ultraviolet rays. The action of the rays from a 
series of quartz lamps vertically arranged in the center of the revolving frame may be 
supplemented by the action of ozone. 

Stoeckly® used ultraviolet rays produced by a high-frequency spark discharging 
thirty to sixty limes per second, each spark consuming about 0.7 kilowatt. Prior to the 
use of artificial ultraviolet sources, the stock coated with the linseed oil varnish mixture 
was exposed to the direct rays of the .sun for eight to ten hours. Such drying was greatly 
retarded by a humid atmosphere, Dinsley and Pulman*' suggested subjecting leather to 
the ultraviolet rays prior to enameling it. Other patents dealing with structural features 
of the apparatus employed are due to Hughes,^ and to Elliott® 

The kind of plasticizer is of jirimary importance in determining the rate of 
deterioration of nitrocellulo.se films in artificial leather if emlirittlemcnt and insolu- 
bilization of the surface on exposure to light are to be avoided.® Anderson and 
Lamb studied the properties of films containing variems ])lasticizers, added to the 
extent of 0.25 to 2.0 per cent to films from a v3-per cent solution of Cotton 8 A 
(nitrocellulose) in equal parts of butyl acetate and butyl alcoliol. The films were 
formed hy flowing on gla.ss and exposing to the mercury arc. Of the eight plasti- 
cizers studied, ''Sipaline AOM” (dimethylcyclohcxyl adijiatc) gave the best results 
as regards flexibility and durability on expo.sure to ultraviolet light. Triacetiu is 
also recommended for leather which requires mtich stretching. 

iHeyl, C., British P, 113,622, Feh 21, 1918; Swiss P. 76,436, Dec 17. 1917, Biitish P. 113,620, 
Feb. 20, 1918. 

2 See also Swiss 'P. 77,117 and 77,378; Dutch P. 1,970; Dantsh P. 22,258 and 22,209; Hintz, K., 
J. Soc. Chem. Ind., 37, 709A (1918), Chem Abs„ 12, 1935 (1918); U S. P. 1,269,931, June 18. 1918 
s Ltambard, V. G., A Am. heather Chem. Assn., 10, 86 (1915); cf. Lattey, W. T., J. Oil and Colour 
Chem. Assoc., 9, 45 (1926); Brit Chem. Ahs , B, 377 (1926). 

^Priest, G. W., U S. P. 1,262,977, April 16, 1918; /. Soc. Chem, Jnd., 37, 343A (1918). 

6 Stoeckly, J. J., Briti.sh P. 148,454 and 149,334, 1920; Chem. Ahs., 15, 329, 450 (1921). 

® Dinsley, A., and Pnlraan, A O, Briti.sh P. 190,781, Sept 23, 1921; J. Soc. Chem. Ind., 42, 193A 
(1923). 

Hughe.s, W, A., U. S P. 1,747,301, Feb. 18, 1930, to Tooper-Hewitt Klectnc t o, 

® Elliott, K J. , U. S. P. 1,702.043, Feb. 12, 1929, sec also Brophy, J f., 1). S P. 2.020,296, 
British P. 452,618, Oct 26, 1935; Brit Chem. Ahs, B, 3109 (1936). 

^ ®Gcnm, G., Halle aux cuirs, 67, (1932); Chem. Abs., 26, 3136 (1932). 

10 Anderson, U., and Lamb, M. C, Cuir tech., 23, 130 (1934); Chem. Abs., 28, 5999 (1934). 
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Ultraviolet rays shorter than 3000A rapidly darken leather. This property can 
be used to produce designs on leather by the aid of stencils or Uviol glass photo- 
graphic platcs.^^ The darkening is caused by an iron-tannin compound. Light 
activates or frees both tannin and iron. Inorganic or organic compounds can be 
used to increase the depth and permanency of the designs or to alter their shade. 

All vegetable-tanned leathers darken on exposure to light, frequently with a 
loss of strength, but this is most marked in leathers tanned with catechol tannin. 
Attempts to find an effective inhibitor have been unsuccessful. The presence of 
water is necessary for darkening in ultraviolet light. 

Fluorescence analysis methods have found application in leather chemistry.^"^ 
Cuccudoro believed it possible by such methods to assist in distinguishing between 
the various components of raw hide, that is, collagen, keratin, bloody tissues, and 
tanning materials. They also were found useful in determining the depth of pene- 
tration of vegetable tannins and the saturation of the hides with such materials and 
also in the examination of finished leather for indications as to the manufacturing 
prcKesscs which had been employed,^® 

The a])sorption spectra of solutions of various tanning materials have been 
measured by de la Bruere.^^ 

The use of the ultraviolet microscope, which combines increased resolving 
power with the advantages of fluorescence, is finding application in the study of 
animal skin.^^ 

Petroleum Products 

Absorption Studies. Crude petroleum oils arc characterized by absorption bands 
with maxima at about 3000, 2800, 2650, 2420 and 2400A due probably to cyclic hydro- 
carbons'* Transformer oils of various origins cannot be distinguished by ultraviolet 
absorption spectra. Aging of the oils merely decreases the sharpness of the bands.’** 

It has been stated that benzene, xylene and toluene can be readily determined in 
gasoline by ultraviolet absorption studies Relatively little has, however, been written 
regarding the absorption of light by various petroleum products.*® Schou and Bendix- 
NciLsen **find the absorption of a band at 2730A in samples of liquid paraffin parallels 
the results of the sulfuric acid test for organic impurities. 

Mineral oils dissolved in various solvents change color on exposure to light 
according to the nature of the sol vent. Carbon tetrachloride, chloroform and amyl 
alcohol are the most acti\'e, but no changes take place in acetone and ether. In the 
absence of air, the discoloration is probably due to soluble polymerization products. 

i^Freytaitr, H., Coltcgium, 161, (1932'); Chrm, Abs., 26, 3955 (1932), French P. 707,490. 

^ Woodroffc. D , J. Internat. So<\ Leather Trades Chem,, 18, 424 (1934); Chem. Abs,, 28, 6340 
(1934). 

^DeforRC, A., Halle au,r culrs, 36, 83 (1928); Grasse, G., Cuir tech., 20, 141 (1931). 

Cuccudoro, M., Boll, ufficiale staz sper. md. pellt mat. conctanti, 10, 237 (1932); Chem. Abs., 27, 
624 (1933). 

Further reviews of these niethod.s have been given by Desmurs, (J., Cuir tech., 21, 40, 57, 77 
(1932), Karsten, A., Ledcrtech. Rundschau, 26, 93 (1934), Cuir tech., 23, 330 (1934): 24, 36 (1935); 
24, 198 (193 5). Karsten described a fluorescence microscope for use in the leather industry. 

^®dc la Bruere, A., /. Soc. Leather Trades Chem., 9, 427 (1925); Chem. Abs., 19, 3384 (1925); 
Deforge, A,, Halle aux Cuirs, 131 (1929), 

Theis, E. R., and Serfass, E. J , Am. leather Chem, Assoc., 33, 67 (1938). 

F., and Gex, M., Compt. rend., 180, 140 (1925). 

^Vellinger, E., and KHnkenberg, A., Ann. combustibles Hqttides, 10, 79 (1935); Chem. Abs., 29, 
1815 (1935). 

Lusjcczak, A., Abhandl. Cesamtgehiete Hyg. No. 22, 59 (1926); Chem. Abs, 31, 4801 (1937) 
Certain photochemical reactions of Russian petroleum have been discussed by Pvhala, E., Mat. grasses, 
23, 9124, 9182 (1931). 

Schou, S. A., and Bendix-Nielsen, I. B., Dansk Tidskr. Farm., 4, 1 (1930); Brit. Chem. Abs,, B, 
263 (1930); Arch. Pharm., 272, 761 (1934); Chem. Abs, 29, 9 1 5 (19 3 5). 

*®Vellinger, E., and Marchand, P,, Ann. combustibles Itguides, 5, 977 (1930); Chem. Abs., 25, 4391 
(1931); Vdlingcr, E., .d»«. combustibles liquides, 12, 195, 250 (1937); them. Abs., 31, 7629 (1937). 
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With air, the change in color is not as distinctive, but insoluble oxidation products 
are formed. Shile and Avakova find paraffin containing more than 0.1 per cent 
of oil to be unstable toward ultraviolet rays. Such paraffin, treated with fullers* 
earth and exposed to ultraviolet rays, is light-stable. 

Heavy liquid pharmaceutical petrolatums of different geographical origins 
differ considerably in resistance to spoiling by exposure to sunlight in flint glass 
bottles.^^ The light- stability can be measured by comparatively short exposures 
of the oil in flint bottles to ultraviolet light. 

It was once suggested that ultraviolet light be employed in the cracking of 
petroleum oils. They were to be heated w^ith a catalyst and sprayed through an 
irradiated zone.-**^ A patent to Physical Chemistry Research Co.^**^ described the 
preparation of liquid hydrocarbons suitable for use as fuels by distilling solid fuels 
and subjecting the resulting gases, together with carbon monoxide and hydrogen, 
to the action of both ultraviolet rays and a high-potential electrostatic field. 

Egloff heats normally incombustible hydrocarbon gases from oil-cracking 
under superatmospheric pressure to about 650 to lOOO^C., then lowers the pressure 
on the gases and subjects them to the action of ultraviolet light.. 

Miller renders solar light petroleum distillates, refined by treatment with 
silica gel, sw^eet to the “doctor test’* by exposure to the radiations from a mcrcury- 
vapor lamp. Morrell treats hydrocarbon distillates containing rnercaptans by 
converting them to mercaptides by treatment with *‘Sunlite“ solutions and then 
precipitates the mercaptides by exposing the products to ultraviolet light. 

The bloom or fluorescence of petroleum oil may he destroyed by ultraviolet 
rays.^^ Some oils are thereby reddened in color or otherwise slightly darkened. 
Other oils are bleached by such treatment. Petroleum oils intended for use as 
lubricants and which may have gumming properties due to unsaturated components 
are improved in quality by exposure to ultraviolet rays in an inert gas. Apparently 
polymerization occurs, resulting in the formation of saturated bodies. Gray"^- 
deblooms lubricating oil, paraffin wax and the like and brings about partial con- 
version to acids and esters by blowing air through the hydrocarbon material at 50 
to 120^C., while exposing it to ultraviolet rays. Catalysts may be present and the 
operation may take place at pressures up to five atmospheres. Gray states that he 
has been able to convert 75 per cent of the hydrocarbon material into fatty acids 
by this process. 

Color Changes. Gasolines refined from certain C'alifornia crude oils not 
treated by clay or acid tend to take on a color which may be pink, yellow or light 
chocolate when the product is dispensed in a visible pump in the presence of sun- 
light. McConnell proposed to treat such oils by exposing them to daylight for 

^ Shile. V. N., and Avakova, E. S., Ne^tyanoc Khosvai^tvo, 25, No. 9, 59 (1933), Chem. Abg., 28, 
4886 (1934). 

Green, L. W., and Schoetzow, R. E., /. Am, Pharm. Assoc>, 21, 1286 (1932); Chem. Abs , 27, 
1987 (1933). 

^‘French P. 469,948, 1914, to Continental Caoittchonc and (nitta-Petcha ('o. 

»» British P, 357,206, June 4, 1929, to Physical Chemistry Research Co.; Chem. Abs., 26, 4701 (1932), 

2T Egloff, G., U. S. P. 1,904,362, April 18, 1933, Brtt. Chem Abs., B. 134 (1934). 

For a patent relating to the utilization of ultraviolet rays for supporting combustion in heat engines, 
see Gill, H. A„ British P. 269, 808, Nov. 9, 1926. 

»MiUer, E. B., U. S. P. 1,647,459, Nov. 1, 1928; Chem. Ab.v., 22, 315 (1928). 

Morrell, J. C., U. S. P. 1,904,382, April 18, 1933, to Universal Oil Products Co.: Chem. Abs., 
27, 3601 (1933). 

Ellis, Carleton, U. S. P. 1,089,359, March 3, 1914. 

*»Gray. T. T., U. S. P. 1,158,205, Oct. 26, 1915, 

■»« McConnell. J. R., U. S. P., 1,590,841; June 29, 3926; Chem. Abs., 20» 3077 (1926), 
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fifteen to thirty or more daylight hours to fix the color or complete the color 
reaction to its maximum and then remove the discoloring compound, preferably 
by distillation. In this process, the sensitive portion, wriich is probably an organic 
sulfur compound, is rendered non-volatile and remains in the residue on distilla- 
tion. The distillate then retains its freedom from color on exposure to sunlight. 
The process is known as complete fixation. It is said that the process may also 
be applied to the first pressure distillate of cracked gasoline and so obviate the 
necessity of treating a large percentage of the cracked gasoline with either acid 
or clay. 

Even paraffin has been improved in its fastness to light by treating it with 
decolorizing agents and radiations of short wave-lengths together or in turn. 
Oxygen may be supplied during the irradiation.^^ 

Kovafcv and Illarionov exposed Grozny petroleum distillates to sunlight for 
three months with free access of air. Kerosene, light and heavy solar oil, spindle 
oil, engine oil and cylinder oil were used. The specific gravity and refractive 
indices of the samples changed very little. The dielectric constant increased at 
first, but after two months decreased. The drop in the third month is explained by 
supposing that rearrangement takes place in an oxygen compound, the added active 
oxygen being given to other unsaturated molecules forming ketoxy and oxy-com- 
pounds. No aldehydes were found. Panchenkov and Puzitsckil,*® however, state 
that certain wave-lengths increase the viscosity of lubricating oils. 

In testing the color stability of gasoline to sunlight, Hoeman used a ferric 
oxalate actinometer for gauging the intensity of the sunlight at the time the test 
exposures on the gasoline are made Lowry, Smith and Murphy standardized 
a carbon arc source against the .summer sun in testing the color change in gaso- 
lines. The samples were exposed in 4-oz. oil bottles of ordinary glass. Corex 
glass and quartz. It was found that a West Texas gasoline, when exposed in 
glass to a cerium-containing carbon arc, changed in color from Sayboh 22^ to 17° 
in ten minutes. Another listed as ‘Commercial ga.soline changed from 23° 
to 17° in thirty minutes. 

A study of the way in which some gavsolines become ha/y and discolored and 
deposit sediment in a glass dispensing bowl has been made by Morrell. Benedict 
and Egloff.*^^ In reviewing e^irfier work,^® they state that it had been indicated 
that color formation in gasolines is due to oxidation reactions involving sulfur 
compounds or unsaturated hydrocarbons. Samples of Midcontinent straight-run 
gasolines, cracked gasoline and a blend of equal parts of straight-run and cracked 
gasoline were exposed in quartz cylinders for an hour to a carbon arc in the 
presence of air, oxygen, nitrogen, carbon dioxide or hydrogen. In the presence 
of air or oxygen, all samples developed color, gum, peroxides, acids and aldehydes. 
Although the straight-run and blended gasolines developed haze, the cracked ones 
did not. Cracked and blended gasolines developed more gum in oxygen than did 

Germati P. 475,343, Aitg:. 28, 1926, to Wer8chcti-W<*isscrfclaer Braunkohlen, A. G. ; Chem. Abs., 
23, 3341 (1929). See 

*« Kovalev, T. G., and Tllanonov, V. V., /. prakt, Chem., 138, 306 (1933); Chem. Abs , 28, 1513 
(19.34). 

»« Panchenkov, G. M.. and Puzitsckii, K W., /. Gen. Chem. (U.S S.K.), 7, 394 (1937); Chem, Abs., 
31, 4800 (1937). 

»^Hocjnjin. E. C, Oil and Gas J., 32, No. 17, 18 (1933); Chem Abs, 27, 5525 (1933). 

Lowry, C. D., Jr., Smith, M. A., and Murphy, G. B., Jnd. Eng. Chem. (Anal. Ed.), 7, 140 (1935), 

“‘’Morrell, J. C,, Benedict, W. L, and KglofF, G., Jnd. Eng. Chem.. 28, 122 (1936); Egloff, G., 
Morrell, J. C, Benedict, W. L., and Wirth, C., Ind. Eng. Chem., 27, 323 (19.35). 

Brooks, B. T., Ind. Eng. Chem., 18, 1203 (1926); Brooks. B T., and Parker, H. O., PHrolcum. 
July 14, 1924; Carpenter, J. A., J. Inst. Petroleum Tech., 12, 518 (1926) ; Chem. Abs., 21, 1702 (1927). 
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straight-run gasolines* Under inert gases, tlie straight-run gasoline dropped in 
color from 30° to 28° only, and the cracked and blended gasolines were unaffected. 
There was no formation of acid or gums and only very small amounts of peroxides. 

The addition of sulfur (0.01 to 0.1 per cent) was deleterious either in the 
presence or absence of oxygen. With air or oxygen, % caused a marked increase 
in the amounts of color and gum formed. The acid formation and peroxide num- 
ber were also greater than in the absence of added sulfur. With added «;ulfur, 
the color depreciation and gum formation were less in the absence of oxygen, no 
haze or acids appearing and only very small amounts of peroxides developing. 
Hydrogen sulfide was evolved in all cases. Oxygen is necessary for the forma- 
tion of haze, acids or peroxides, but not always for the formation of gum or color. 
The elemental sulfur was almost completely removed as such during exposures 
either with or without oxygen. Oxides of sulfur were formed. 

The addition of n-propyl disulfide (representative of disulfides likely to be 
present in gasolines or formed by sweetening) decreased the color stabilities in 
light and air of straight-run and blended gasolines. The decreases were greater 
in oxygen and even the cracked gasoline was affected. The disulfide had, however, 
no effect on the gum formation in gasolines exposed to air, although in those 
exposed to oxygen it caused a small increase. The peroxide number of the straight- 
run gasoline was lower and the acid number higher than in the absence of added 
disulfide. This was not, however, true of the cracked gasoline. Disulfide addi- 
tion caused no depreciation of gasolines exposed in hydrogen, nitrogen or carbon 
dioxide. Mercaptans were formed during exposures in non-oxidizing atmospheres. 

No fixed relation was found between color and gum formation. They can 
form simultaneously or gum can form with no color depreciation; or color can 
form without an increase in the gum content. Haze particles contain sulfur dioxide 
and trioxide or the corresponding acids and organic material. Most of the acid 
formed in gasoline w^as found in the haze particles wdiich could be removed by 
filtration through filter paper. Although this imi)roved the color, it did not affect 
the gum content of the gasoline. 

Results obtained with Pennsylvania and ("alifornia gasolines were similar, with 
the following exceptions. The Pennsylvania straight-run gasolines with no added 
sulfur compounds did not form gum on exposure to light and air, although gum 
was formed in oxygen. The addition of propyl disulfide caused slight increases 
in gum formation in the Pennsylvania cracked gasoline and in all of the California 
gasolines. The results with the inert atmospheres w'ere the same as with the Mid- 
continent gasolines. 

Tliese workers have again recently emphasized that color is formed only in the 
presence of sulfur or «-propyI disulfide.'*^ 

Pure hydrocarbons exposed to the carbon arc under oxygen give traces of 
peroxides, acids and aldehydes. The bromine number and refractive index are 
unchanged by light, either in the presence or absence of sulfur and propyl disulfifl.*- 

Vellinger and Radulesco exposed samples of motor fuels under oxygen in 
closed Pyrex containers to the rays of a mercury lamp and found the amount of 
gummy material formed to be a function of the rale of absorption of oxygen. At 
the beginning, the quantity of gum formed was almost proportional to the amount 
of oxygen absorbed. Gradually, however, the absorption of oxygen diminished 

Morrell, J. C., Benedict, W. L., and Egloff, G. Enff. Chem , 28, 122, 448 (1936), 

*^Note also Berger, G. W., Refiner Natural Gasohne Mfr., 15, 411 (1936). 

^Vellinger. E„ and Radulesco, G., Compt, rend,, 196, 1495 (1933); Ann, combustibles hquidcs, 8, 
aSi (1933); Chem, Abs., 28, 621 (1934). ^ 
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an4 approached a limit set by the particular pretreatment to which the sample 
had been subjected ^ 

On the other hand, Freund believed the absorption of oxygen of secondary 
importance* He considered the resins to be formed from complicated unsaturated 
hydrocarbons. A brief irradiation resinified only the most unstable unsaturated 
compounds. The resinous, gum-forming compounds produced in petroleum-cracked 
products by ultraviolet rays increased in amount with the exposure. Extremely 
small amounts w^ere formed in comparison in primary benzines, paraffins, naph- 
thenes and aromatic and simple unsaturated hydrocarbons. It was found that 
sulfur and oxygen compounds were almost completely removed from the benzines 
during separation of the resin.^*^ 

The larger the storage lank, the slower the diffusion of oxygen and the less 
the gum formation. Sunlight lowers the induction period for gum formation, but 
water has the opposite effect Tlie rate of gum formation roughly triples for 
every twenty degrees rise in temperature.^^ 

To stabilize cracked distillates, especially from California or asphaltic base crudes, 
which contain more unsaturated and unstable constituents and more gum and coloring 
matter than the straight-run distillates from the same sources, Davis employed a photo- 
chemical reaction. Daylight, sunlight or artificial ultraviolet sources were used and the 
undesirable constituents were oxidized in the presence of copper oxide. They formed 
organic acids which produced copper salts soluble in the oil and removed from it by 
subsequent distillation. A continuous stream of hydrocarbons in the vapor state mixed 
with oxygen can also be conveyed past a source of ultraviolet light and the oxidized 
products condensed, according to Martin 

Tauss proposed to lemovc the resin -fonning constituents in the refining of hydro- 
carbon oils by accelerating their polymerization by treating the hot oil or its vapor with 
very small amounts of oxygen and then removing the polymerization products. Other 
means could be used also, such as a glow discharge, irradiation or the addition of .small 
amounts of acid or alkalies. 

By a similar method, Goltstein polymerized constituents in pelroleupl and similar 
hydrocarbons, thereby changing the physical characteristics of the distillate. Bv using 
an immersed quartz mercury-vapor lamp, at 60 volts and 6 amperes, the viscosity (Engler) 
of Russian mineral oil was increased from 6.4 to 7.8 in a half hour. The treatment may be 
applied to either the liquid or to the vapor pha.se during distillation. 

In the cracking and distillation patent of Tingley,^»^ the oil is subjected to the 
action of emanations from a radioactive substance or to ultraviolet rays before it 
enters a conduit within the furnace of the apparatus. 

Light-stability may also be increased in cracked gasoline by the addition of 
0.01 to 0..S per cent of triacetoxytriethanolamine or other esters of the general for- 
mula (RCOOR')«NH, in which R' is aliphatic, R aliphatic or aromatic, x is 0, 1 
or 2 and w 1, 2 or 3.®^ 

Testing of Gasolines. The stability of gasolines may be tested by ultra- 
violet light in order to predict the tendency of the samples to form gums. Allusion 

*^Fretmd. M, Brensstoff-Chrm . 14, M n93.^); Chetn Abs , 27, 3R08 (1933) 

*** Freund, M., »ce also Proc World’s Petrolatm Congress, 2, 108 (1933); 7. Inst. Petroleum Tech.^ 
83A, (1934); Balada, A.. Petroleum Z., 31, No. 48, 11 (193.3). 

McNamara, T. L., Refiner and Natmal Gasoline Mfgr., 13, 381; Chem. Abs., 29, 2721 (193.*>). 

R. F., U. S. P. 1.551,806, Sept 1, 1925. 

** Martin, R. B.. tJ. S. P. 1,678,403, July 24, 1928, to Mineral Separations N. Am. Corp. ; Brit. 
Chem. Abs., B, 702 (1928). 

*»Taus», J., German P. 475,277, Dec. 1, 1923; Chem. Abs., 23, 3 3 40 (1929). 

w>Golt«tein, E., British P, 249,895, Sept 30, 1924; Chem. Abs., 21, 1007 (1927). 

«^Tingley, S. L., U. S. P. 1.627,937«8, May 19, 1927; Brit. Chem. Abs., B, 516 (1927). 

“Mikeska, L. A., and Holtzdaw, J. B., U. S. P. 2,110,274, March 8, 1938; Chem. Abs., 32, 3600 
(1938). 
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to this appeared in a patent of Somerville and Hoffert.^^ Some have stated that 
the action of ultraviolet light is too severe as it resinifies certain compounds which 
remain stable on prolonged storage.^^ As a result the conclusions of such accel- 
erated tests are not always in agreement with those obtained after storage for nine 
months. Nevertheless, the method has been frequently proposed. Beard and 
Reiff standardize the radiations employed by their effect on an oxalic acid-uranyl 
acetate actinometer, and consider the effects of temperature. They note I’aat dis- 
coloration started under radiation increases in darloiess, which suggests a chain 
process. Schulze and Frey^'^^ exposed the fuel to actinic light rays while treating 
it with an aqueous solution of glycol and water as a separate liquid phase. 

Woog, Givaudon and Dacheux found that the use of white light in tests for 
potential gum gave unsatisfactory results. The effect of ultraviolet light was 
determined by exposing the sample, first in crystallizing dishes covered with Cello- 
phane and later in Pyrex glass to a quartz mercury arc (5.4 amp., 110 volts) at 
about 30 cm. The results were very decisive and revealed a difference in the 
quality of two gasolines between which bomb tests had failed to show a difference. 
The tests were completed by bomb teits following the irradiation .Sufficiently 
reproducible results could be obtained when the gum did not exceed 10 mg. For 
higher value.s, the accuracy dropped to 10 per cent. The optimum conditions were 
thought to he ultraviolet treatment for one hour and heating at 100°C. for three 
hours. For ordinary gasoline, ultraviolet treatment for thirty minutes and heating 
for two hours sufficed. 

Freund found the results obtained by ten minutes of ultraviolet irradiation 
agreed closely wdth those of storage tests. The elementary composition of the gum 
so formed appeared to be the same as that formed during storage in darkness or 
under the influence of oxygen. 

Baxter observed gum formation in samples of gasoline derived from Colorado 
shale oil when treated in the presence of oxygen with sunlight, ultraviolet light or 
x-rays. Birch and Stansfield found that samples of cyclohexane gave 0.2 gm. 
of peroxide oxygen per liter in a sample kept in light for six months and only 0.009 
gm. per liter in a sample kept in darkness. No visible gum, however, deposited in 
the light sample. Cyclohexane in contact with air shows indications of the presence 
of peroxides after a short exposure to ultraviolet light. 

In a patent of Roj^enstein and Hund^^ on the addition of selenomercaptan to 
produce antiknocking*sjasolines, it was stated that untreated gasolines containing 
62,2 mg. of gum per 100 cc. had after exposure to ultraviolet light for 24 hours a 
gum content of 102.9. mg. per 100 cc.. Selenomercaptan-treated samples had 33.5 
mg, per 100 cc. before and 33.7 mg. after a similar irradiation. It was believed 
that this treatment with selenomercaptan checks the tendency to gum formation 
and may render unnecessary any previous fixation process for the removal of 
unsaturated materials. 

'“Somerville, P. G., and Hoffert. W. H.. British P. 289,347, Oct. 27, 1926; Chem. Abs„ 23, 689 
(1929). 

Brunschwig, R., Ckal. et ind., 315, Oct., 1928; Brit. Chetn. Abs., 1929B, 93 J; Brunschwig, R, 
and Jacqu^, L., Compt. rend., 189, 486 (1929). 

® Beard, L. C., Jr., and Rciff, O. M., Ind. Hng. Chem. (Anal. Bd ), 3, 280 (1931). 

'“Schulze, W. A., and Frey, F. K., U. S. P. 1,950,697, March 12, 1934, to Philips Petroleum Co.; 
Chem. Abs., 28. ,3562 (1934). 

“''Woog, P., Givaudon, J, and DacheUx. P., Rev. petrolifere. No. 584, 721 (1934); Chem Abs., 28, 
7502 (1934), 

** Freund, M., World Petroleum Congress, London, Proc. 2, 108 (1933); Chem, Abs., 28, 4879 
(1934), 

Baxter, R. A„ Ind. Eng. Chem., 21. 1096 (1929). 

'' "Bireh, S. F., and Stansfield. R., Nuturr, 123, 490 (1929). 

« Rosenstein, U, and 'Upod, W. J.. U. S. P. 1,835,184, Dec. 8, 1931. 
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JLead tetraethyl in gasolines may be stabilized against light and water by a 
small amount of a water-soluble duoride.^^ One of th^ dra\irt)acks to the use of 
iron pentacarbonyl as an antiknock agent is its instability to sunlight* Irlin aiid 
Solodovnik^® propose the use of dyes as stabilizers to avoid this. 

Other Applications to Petroleum Products. Chlorinated hydrocilrbons for dry- 
cleaning, such as perchloroethylene, trichloroethylene and tetrachloroethylene, may 
be made stable to light by the addition of small amounts of bti^l oxide, chloride or 
tartrate, Tetralin or Decalin.®^ Mitscherling claims the fd?rmation from gaso- 
line of alcohols and ketones by the action of a rare-gas lamp, such as one con- 
taining argon or neon. The irradiation is conducted in the presence of an oxi- 
dizing agent, such as a perborate or percarbonate, and a metal compound, such 
as copper hydroxide, to increase the electrical conductivity of the hydrocarbon 
material- 

irradiation with violet or ultraviolet light, x-rays, cathode rays, etc, has been 
suggested by Herbsman for the separation of the components of such dispersed 
systems as petroleum- water emulsions or foams. 

Drugs and Related Products 

There have been a few who have claimed to increase the potency of drugs by 
the application of ultraviolet rays. Cunningham and Macbeth add fluorescent 
substances, such as quinine sulfate, to the liquid under treatment, vaporize it 
through an atomizing nozzle, and subject the vapor to fhe action of ultraviolet 
rays. Abrahaniowicz has proposed to treat arnica, camomile, pine needles, colts- 
foot, lime or elder blossoms or stinging nettles, while dry, with both x-rays and 
ultraviolet rays, before using them in cataplasms. 

Such claims are not well substantiated. No widely used applications are known, 
other than to the production of vitamin D discussed in a subsequenit chapter. 

Instead, pharmacists have long realized that light, and particularly, the shorter 
wave-lengths, exerts a deleterious action upon many drug preparations. Elaborate 
studies, too detailed for inclusion here, on the extent to which this may occur 
have been conducted by Arny, Taub and Steinberg.*^^ Their work was mainly 
directed to spectrophotometric determinations of the transmissions of various 
wave-lengths by the types of containers available on the American market. In 
general, from three to twelve times as much deterioration occurred in direct light 
as compared with diffused light About 15 per cent of the drugs and chemicals 
tested were light-sensitive. Amber glass gave the best protection from ultraviolet 
rays. Red-flashed glass and Corning Red were very effective but arc expen- 
sive. Few reputed stabilizers gave satisfactory results, although tin compounds 
stabilized phenol and, as is well known, acetanilide stabilizes hydrogen peroxide. 

Michel, J M., U. S P. 2,067,331, to I. G. Farbenitid. A -G ; Chem. Abs., 31, 1603 (1937). 

‘“Irlin, A. L., and Solodovnik, Novosti Tekhniki, No, 26, 20 (1936); Chem. Abs., 31, 2404 (1937). 

de Schneken, J. M. G,. and Schmidt, M. E. A., French P. 794.878, Feb. 27, 1936; Chem, Abs., 
30. 5430 (1936). 

Mitscherlmg, W. O, IJ. S. P 2,003,303, June 4, 1935; 2,003,898; Chem. Abs„ 29, 4771, 4931 
(1935). 

‘“Herbsman, A. M, British P, 356,926, Aug. 27, 1930; U. S. P. 1,783,471; Chem. Abs,, 25, 365 
(1931), 

Cunningham, E. I,., and Macbeth. U, F„ U. S P- 1,659,085, Feb 14, 1928; Chem. Abs., 22, 
1440 (1928). 

*•* Abrahamowica:, J., British P. 455,914, 1936; (hem. Abs., 31, 2359 (1937). 

•“Arny, H. V., Taub, A,, and Sieinljcrg, A, J. Am. Pharm, Assoc.^ 20, 1014, 1153 (1931); Chem. 
Ahs., 26, 139 5 (1932); Arny, H. V., Class Parker, 12, 497 (1933), Chem Abs., 27, 59 1 3 (1933); 
Brunner, K., Pharm. Zentralhallc, 77, 696, 721, 7 5 6, 783 (1936); llusa, W. J., Glass Container, 7, 
No. 12, 9 (1928); Chem. Abs, 23, 236 (1929). 
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Eisenbrand believes that for highly sensitive substances, violet manganese glass 
is best. For less sensitive drugs, brown iron glass will usually suffice. 

Jlojahn^^ gave data on a number of alkaloidal solutions and tinctures. An 
exposure of a year to sunlight reduced the strength of tincture of hydrastis about 
25 per cent and of tincture of capsicum 35 per cent. The tinctures of aconite, 
areca, belladonna, granatum and strophanthus were relatively stable, the losses 
being under 5 per cent, Alkaloidal and alkaloidal salt solutions, after 24 hours 
irradiation by ultraviolet light, suffered losses up to 31.3 per cent (cinchonidine). 
Cocaine was least affected. The losses were 23.6 per cent in tincture of hydrastis, 
35.1 per cent in tincture of capsicum and 28 per cent in tincture of areca. The 
optical rotation also was le.ssened. The color of tincture of capsicum was 
decreased by exposure to daylight. In the tinctures of granatum, hydrastis and 
areca, it was increased. 

Tribromoethyl alcohol is very unstable in light.'^^ exception to the behavior 
of many pharmaceutical preparations is offered by the decolorized solution of 
iodine which, according to Merry should be kept in colorless glass containers 
exposed to sunlight. 

The mydriatic action of honiatropine hydrobromirle is not decreased by exposure 
to ultraviolet light, according to Pittenger and KrantzJ^ On the other hand, 
Macht and Krantz,*^^ found that ultraviolet rays produce a rapid deterioration of 
the tincture of digitalis.On prolonged exposure, a point is reached at which there 
are formed products of increased toxicity for both plants and animals. On further 
exposure, a secondary weakening in potency occurs. Ultraviolet and polarized 
visible light were said also to cause a decrease in the anesthetic action of some 
isomeric octyl alcohols.'^^ Macht and Hill were unable to detect any loss of 
the antiseptic or germicidal action of 1 : 500 solutions of Mercurochrome-220 after 
exposure to ultraviolet rays or to polarized visible light. Krantz and Carr found 
that elixir of pepsin and rennin became less acid on irradiation, but samples stored 
in amber glass compared favorably after six weeks in direct light (supplemented 
by Alpine lamp irradiation for onc-half hour each week) with fresh preparations. 

The toxicity of quinine for infusoria is increased by ultraviolet irradiation of 
its solutions, provided the intensity is sufficient. If too great, however, the fluores- 
cense is increased and the toxicity decreased.'^^ 

It has been noted ^ that finely ground pyrethrum powders lose most of tlieir 
toxicity in a few days of exposure to summer sunlight and air. With finely ground 
derris, the loss was about half as rapid. A one-hour exposure to a mercury-vapor 
lamp was equal in detoxicating power to eight hours of July sunlight and was 


TOEisenbrand. J., Pharm. Ztg., 72, 1275 (1927); 74, 263 (1929); Chem. Ahs., 22, 137 (192S); 23, 
2247 (1929). 
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Merry. J. J, F., Pharm. h, 140, 347 (1938); Chem. Abs., 32, 3 909 (1938). 
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more constant and easily controlled. Extracts in petroleum distillates were 
exposed by Hoyer®^ in tight flint-glass bottles to sunlight and daylight for fqur 
months and at intervals tested for their toxic action on flies. Sprays prepared 
with an odorless base gained slightly in toxicity during the first four days, but a 
sample prepared in an ordinary petroleum distillate lost toxicity trom the start. 
After the fourth day, all samples lost toxicity rapidly, the loss being 65 per cent 
at two months and 90 per cent at four months. The increase observed in some at 
the start may have been due to the formation of an unstable toxic substance. The 
sprays with odorless base became hazy within three hours and their amber color 
was gradually lost. Finally, a white precipitate settled out. The sample with the 
ordinary base remained clear but lost some of its color. Chemical assays did not 
give consistent results. F’earson found that the substitution of some of the 
py rethrum by pine oil retards some of the changes. 

Fleming and Baker found that exposure to ultraviolet light reduces the value 
of rotenone as a stomach poison for the Japanese beetle, although the value of 
derris and rotenone as repellants was but slightly reduced by exposure for 24 hours. 

Prolonged sun-drying of py rethrum caused appreciable losses, but quick drying 
in the sun did not.'^'* According to Jones, Gersdorff, Gooden, Campbell and Sulli- 
van,®^ the photochemical decomposition of dry rotenone does not take place in the 
absence of oxygen. Rotenone, its hydrochloride, rotenone-bentonite mixture, derris 
root and derris extract lost more than half their toxicity during a ten-day exposure 
to sunlight. Arc light practically destroyed their toxicity. Dihydrorotenone was 
more resistant, requiring twenty days in sunlight, but in arc light it lost toxicity 
to about the same extent as rotenone. Lampblack afforded some protection. 

Anthelmintic capsules of tetrachloroefhylene intended for animals, may be stabi- 
lized against light by incorporating an oil-soluble red dye such as Oil Soluble 
Red O. Deichsel uses 0.5 per cent of the azo- dye from o-anisidine and /J-naph- 
thol to make light-stable a solution comprising a terpenc oxide such as ascaridol. 

Tobacco. Ultraviolet light is occasionally applied to tobacco for the pur- 
pOvSe of killing molds on the leaves. Tt has also been recommended for slightly 
altering the color Dorcas ®® states that this may have important applications in 
foreign markets, but in the United States is not particularly important, except for 
leaves intended to serve as cigar wrappers. Exposure to ultraviolet also causes 
a number of little understood changes in the quality of the tobacco. 

The Neuerburg’sehe Verwaltungs Gesellschaft claimed that the denicotinizing of 
tobacco by fermentation may be accelerated by irradiation with wave-lengths shorter than 
4000A and that the application of ultraviolet light improves tobacco which has been 
tainted and partly degraded by mold and other micro-organisms. Richter*® claimed to 
reduce the toxicity of cut or sliced tobacco by exposing it on an endless conveyor belt to 
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Pm!* F. U, and Sullivan. W. N., /. Beon. 

EntomoL, 26, 4S1 (1933); Chem, Jbs„ 27, 4015 (1933). 

I* 1,703,377, Feb. 26, 1929, to Farke Davis and Co.; Brit. Chem, Ahs, 

■Of 453 (1929). 


Deichsel, S., U. S. P, 2,066,717, to Winthrop Chemical Co,; Chem. Abs., 31, 1040 (1937). 
Dorcas, M. J., 7'rans, JUum. Eng. Soc., 28, No. 7, 57S (1933). 

‘"Richter, C. M., British P. 359,920, May 3, 1929; Chem, Abe,, ^ 4916 (1932). 



660 


THE CHEMICAL ACTION OF ULTRAVIOLET RAYS 

I 

ultraviolet, infrared or visible light of specified wave-lengths, Pacini*^ first dampened 
the tobacco with water containing a *‘sauce” which may contain coumarin, etc. and an 
agent such as glyce^olj ethylene glycol, malic, or tartaric acid which was believed to 
counteract the opaci^ of the other constituents of the sauce, before irradiating it. 

Lilienfield claimed the irradiation would render mild and cure, strong, pre- 
viously aged and fermented tobacco leaves. 

Chesley subjects cured and aged tobacco to ultraviolet rays which constitute 
a selected portion of the light used. It is applied by special carbon arc lamps, the 
tobacco being continuously moved in a revolving drum to subject every part tc 
the action of the rays without appreciably reducing the moisture content. There 
also was used a small proportion of infrared and visible radiation. Wix and 
Bunker treat tobacco in a drum, part of the wall of which is of quartz, by a 
mercury arc. 

In a curious method of preserving the aroma of tobacco, Senftner incloses it 
in an envelope of cellulose material the pores of which are filled with ergosterol or 
cholesterol which may be irradiated. 

Although the discussion (Chapter 27) of the irradiation of nicotine would 
indicate that the alkaloid cannot be destroyed in tobacco leaves by irradiation for a 
reasonable time, it has been claimed that the alkaloids in tobacco, tea. coffee, etc 
may be decomposed by irradiating the products in the presence of a 1.5-per cent 
sodium bicarbonate solution.^^ 

Alcoholic Beverages. According to Henri. Melbronner and von Reckling- 
hausen wines may be quickly aged by ultraviolet irradiation. According tc 
Petri,®* exposure of wine to ultraviolet radiation for 0.6 to 4 seconds had no effect 
on the rate of fermentation, on the production of acids during maturation, or or 
the vitamin D content, but there may have been an insignificant increase in the 
content of vitamin C. 

From time to time, it has been proposed to age whisky by ultraviolet light, but 
little or no application seems to have been made of such processes. Mancini and 
Archangel would pass the rays into the whisky through quartz rods. The use 
of ultraviolet or infrared rays or a higli-frcquency or high-tension current in the 
aging of liquors is suggested by Stein Mcrory irraeliates the vapors during 
distillation.^®- Philipsky ages mead by irradiation. The non-aroniatic constitu- 
ents are removed and only the hoiupiet-producing extract is irradiated. 
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w Lthcnficld, W. E, IT. S. P. 1,731,018, 1929, Chrfh. Abs., 23, (1929). 

»« Chesley, A. L , U. S. P. 1,926,03.5, 1933. to Amerjcan Tobacco C’o. ; Chew. Abs . 27, 5898 (1933), 
British V. 349,174, Feb. 21, 1930. 
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Miscellaneous Products 

That exposure of a polished metal surface to ultraviolet rays may reader it 
increasingly liable to corrosion was indicated by tests conducted at the Bureau of 
Standards.^^ Specimens of Armco iron, medium carbon steel, staihless steel, and 
high-nickel steel were used for the test and were irradiated ei|:ht hours- Moisture 
from the breath condensed differently on the exposed and unexposed surfaces, ren- 
dering the two easy to distinguish. On the exposed part the drops were larger 
than on the unexposed part, and the surface looked as if a very thin oil film had 
been spread over it, making it less easily wetted than the unexposed surface. In 
the case of medium-carbon steels, very noticeable corrosion of the exposed spots 
was found to occur after four condensations of moisture, although the rest of the 
surface was hardly attacked. Chromium and nickel .steels did not show any corro- 
sion, although there was the same difference in appearance between the exposed 
and unexposed surfaces. Jameson*^® has described apparatus for testing the 
weathering properties of steel plates by exposure to water sprays and ultraviolet 
rays. Enos believes ultraviolet light increases somewhat \he rate of corrosion 
of various steels. Similar effects are prol)able with zinc, lead and aluminum,^^'^ 
In daylight or artificial light, the rate of corrosion of Electron alloy in sea water 
decreases with time, although in darkness it remains constanst for several days.^®® 

Pfeiffer found that the irradiation of 0.5-mm. films of asphalt on clean iron 
plates leads to the formation of a hard-shrinking skin formed by polymerization 
and oxidation. Godrich states that ultraviolet rays render asphalt more 
insoluble. 

AndreWvS^^^ tests road tar by exposing a 1-mm. layer at ISO^C. in a given 
atmosphere to ultraviolet light at 12 inches for twenty hours, with a sheet of Vita 
glass interposed. After this the penetration of a standard needle, 100 gm. at 
5 sec., shall not be less than 50 at the temperature at which the penetration of the 
original sample was 100. 

Neuber and Herberg find that in petroleum asphalts, diffuse sunlight causes 
a' shrinking of the surface layer with the formation of cnicks. The oily constitu- 
ents decrease with the time of exposure. The petroleum resins increase slightly, 
but the paraffin and ceresin content are hardly changed. The content of hard 
asphalt increases considerably. The nitrogen 'Content increases considerably, but 
the sulfur content is unchanged. The carbon content decreases under the short 
ultraviolet, although it may increase under sunlight. 

An accelerated te.sting cycle involving alternate exposure to a carbon arc and 
immersion in water has been described by Strieler and Snoke.^^*"* The wash water 
is examined for soluble organic products. Acids and ketones are found. 

Moisture in the air accelerates the changes in bituminous coatings which occur 

Ena, Chem., 16, 698 (1924). 

Jameson, C. W., British i*. 28.^539. Jan. 13, 1927. 

Enos, G. M., Ind. ling. Chem., 17, 793 (1925); sec also B-annistcr, (\ ()., and RiKby, R-, J. Iron 
Steel Inst., 133, 293P (1936); Lavenets, I. V., J. Applied Chem. (US.S.R.), 10, 1556 (1937); Chem 
Abs., 32, 2073 (1938). 

Bannister, C. O., and Rigby, R., J. Inst Metals, 58, 227 (1936); Chem. Abs., 30, 3390 (1936). 

Fokeev, V. M., Vestnik Inehenefov i Tekh., 302 (ISai) ; Chem. Abs., 32, 5762 (1938). 
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Andrews, R. S., Gas J., 205, 206, 259 (1934); Chem Abs., 28, 2162 (1934). 
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( 1936). 
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dtiring exposure to 420 hours of variable sunlight. Bituminous coal-tar pitch was 
less affected than were blown or high-vacuum Mexican asphalt bitumen. In pure 
oxygen, the benzene- insoluble material of blown Mexican asphalt bitumen increased 
six times, although the sulfur content suffered but little change.^^^ 

Ried and Rusleitner find that the activity of natural or artificial fertilizers 
can be modified by irradiations. 

The use of ultraviolet light to ionize air has been suggested as a means of 
removing static electricity from air in which sprays cannot be avoided.^^® It is 
also mentioned by Leboucher for preventing the accumulation of charges in the 
manufacture of linoleum, celluloid, etc, Rathier^^^ states that static electricity 
can be effectively discharged from rolls of paper 750 mm. long and 600 mm. in 
diameter by exposing the end of the roll for ten minutes at a meter from a mer- 
cury arc. This short exposure does not affect the color of the paper. Ailing- 
ham proposed to make the ionizing of air by ultraviolet light the basis of a 
method for partially separating the gases. 

Kdgel in making sound records, uses gelatin and a light-sensitive organic 
tanning compound. The records are fixed by exposure to light. 

Spectrographic Analysis. The applications of spectroscopy in industrial 
chemistry are so varied and the methods employing the emission si)ectra of the 
substances (elements) sought are so intricate that a discussion is not possible in a 
limited space. It is proving of increasing importance in metallurgy, mining, and 
in many other fields, A number of books and review articles are availalile.^^^ Of 
the 27 elements discovered since 1860, fifteen were discovered as a result of optical 
spectroscopy, four by x-ray spectroscopy, two by their radioactive properties and 
six by their chemical properties,^-- 

Analytical determinations can he made with great accuracy and a few thou- 
sandths of a milligram of metals are determinable. However, the accuracies vary 
from metal to metal and much experience is recjuired for the effective handling 
of these methods. Histologists have adapted them to the determination of ele- 
ments in definite portions of tissue sections, e.g., to the determination of calcium 
in the various coats of the aorta. 

Ultraviolet absorption spectra are being more and more widely employed both 
in analysis and in the study of the constitution of organic compounds. The simi- 
larity of many types of absorption spectra is, however, such that the analytical 
uses of the method are limited. It has been of particular importance in the 
development of the knowledge of the constitution of vitamins, hormones, and degra- 

3MWaIther, H., Asphalt Tecr Strassrnhautcch., 36, 1001 (1936), Chem. Abs., 31, 1597 (1937). 

O., and Rusleitner, K., Au.^trian P. 136,025, Dec. 27, 1933; Chem Abs., 28, 2456 (1934) 
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Leboucher. P. J M., French P. 675,109, Oct. 4, 1928; Chem. Abs. 24. 2815 (1930). 
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Allingham, J, V. S P. 1,553,737, Sept. 15, 1925; J. Soc. Chem. Ind., 44, 904 (1925). 
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dation products of chlorophyll and hemoglobin. Illustrative examples of the utility 
of the method have been given by Fromherz.^^® f 

Interesting applications have been made of emission spectrography to the study 
of the flames in an internal combustion engine, particularly when lead tetraethyl 
and other antiknocking agents are employed. 

Fluorescence Analysis* In connection with various topics in the preced- 
ing chapters note has been made of the use of fluorescence methods for various 
analytical determinations. Many other applications of the use of fluorescence in 
filtered ultraviolet light exist and the method has stimulated a very large number 
of papers far too great for discussion here. Since no photochemical reactions are 
necessarily involved, it is unnecessary to devote space to the consideration of the 
details, particularly since there exist books devoted to the subject.^^® Suffice it to 
state that the method finds application in the study of documents for age or 
falsification, It is also used for the detection of fraud in paintings, or of the 
falsification of water marks in paper, and for other purposes in criminology.^^*^ 
It finds varied application in industrial chemistry.^ For example, |:he fluorescence 
of glass may be utilized in control of manufacture and in detection of the age and 
condition of glass.^^^ ITie so-called ^‘natural'' fluorescence has been stated to be 
dependent upon the physical nature of the glass as well as on its chemical proper- 
ties. Also, the state of oxidation of the metal or other elements which give fluores- 
cence to the whole was said to be an important factor. In this instance, ultraviolet 
light may serve as a method of control. 

The characteristic fluorescence of glasses has been reported to furnish a method 
for identification. This was said to be particularly useful in the case of high-priced 
specialty glasses which sometimes are subject to fraudulent imitation. In some 
instances there may be introduced into the glass small proportions of substances 
which would render the glass highly fluorescent in ultraviolet light, ’w^ithout ^alter- 
ing the properties and appearance in visible light. It is interesting to note that 
a fluorescence test may l)e employed to identify certain of the imitation glasses, 
such as synthetic resins. 

In most of the methods proposed, the ultraviolet light source is used in a dark 
room in conjunction with a nickel oxide filter which transmits only the tegion 
between 3000 and 4000A. Many substances irradiated by these wave-loigths, 


Fromher*, H.. Chem, Ztg., 60, 445 (1956). 

i^Henne, A. L., and Clark, G. L., rend,, 184, 26 (1927); Clark, G. L., and Thee, W. C, 
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either powder, dry or in solution, exhibit characteristic fluorescence colors which, 
in some cases, may serve for the identification of the substances. Although min- 
erals are well known to exhibit brilliant colors, it has been shown that various 
samples of the same mineral may exhibit different colors, so that the importance 
of the method is receding. It is, however, of value in some cases in the study of 
the conditions under which the mineral was originally deposited. 

The method is not adapted to the identification of organic compounds by a sys- 
tematic procedure. It has also been shown that many compounds which, like 
quinine, fluoresce brilliantly, owe this property to the presence of traces of as yet 
unidentified impurities. Nevertheless, there are many instances in which the 
method offers considerable aid in the rapid control of technical processes. 




Courtesy National Carbon Co., Inc. 

Ficuke 131. Evercady Fluoray Apparatus. 

In Germany, there was introduced the Flanau “Quarzlarnpen fur Analyse*' as 
a source for this purpose. An apparatus which employs visible light, sunlight 
or daylight is the Callophane, merely a light-tight box for the specimen, which is 
illuminated by a filter of special glasis on one side of the box and having provision 
for viewing the specimen under a black cloth tlirown over the head of the observer. 
Figure 131 shows the Evercady carbon arc apparatus (Fluoray) devised for the 
purpose by the National Carbon Co. A 4-mm. Corning red-purple ultrafilter No. 
587 transmits chiefly the 3650A line. 

The method is extremely rapid, sensitive and does not alter the object investi- 
gated. The personal ecjuation of the observer enters into the color readings to a 
considerable extejut, but recently efforts have been made to adapt the method to a 
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quantitative recording of the intensities of the fluorescence at various wave-lengths. 
Ct is interesting to note that in a rather neglected p^per, Desha proposed a 
method of quantitative analysis by comparative fluorescence (fluoremetry). 

Since the fluorescence of certain compounds changes with the pH of the solu- 
tion in which they are dissolved, they can be employed as fluorescent indicators 
in titrations conducted in the light of a Wood lamp,^^^ 

The fluorescence methods also may be adapted to microscopic objects. A 
fluorescence microscope was described by Haitinger and Reich.^^^* 

It has been proposed by Andant to utilize their Raman spectra in the identifi- 
cation of the hydrocarbons present in gasolines. 


Desha, L, J., J. Am, Chem. Soc., 42, 1350 (1920); sec also F. Bandow, Biochem. Z., 295, 154 
(1938). 

M., Documcntaiwn scu, 6 , 114 (1937); Chem. Ahs., 31, 6086 (1937); Tiba, 15, 349 
(1937); Chem. Ahs., 32, 1602 (1938). 

Haitinger, M., and Reich, V., Chem. Fabrik, 529, 1929; Haitinger, M., “Fluorescerumikroskopie. 
Ihre Anwendung in dcr Histologic und Chemie.''* Leipzig. Akad. Verlag 
^ For a detailed discussion of modern theories of fluorescence and phosphorescence, see Pringsheim, 
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Part IV 

Biological Applications 




Chapter 34 

The Photochemical Behavior of Compounds of 
Biological Significance 

An understanding’ of the processes underlying the biological applications of 
ultraviolet light demands a knowledge of the photochemical behavior of the com- 
pounds present in biological systems. Of the three chief classes of biochemical 
compounds — proteins, carbohydrates and lipids — ^the carbohydrates are discussed 
in Chapter 23. The fats are discussed in Chapter 29. Other lipid reactions have 
been relatively little studied aside from the well-known conversion of the sterols 
into the D vitamins. Consideration of this process is deferred to Chapter 39. 

Lipids 

Lecithin solutions, aqueous or alcoholic, absorb radiations in the region of 
297()A. Kollath ^ sugge.sted that when skin is irradiated, its lecithin may be the 
source of some physiologically active substances of which acrolein may be typical, 
lie based this upon the observation that either a very dilute aqueous solution of 
acrolein or an irradiated aqueous emulsion of lecithin when added to ferrous salts 
enabled them to aid the growth of the influenza bacillus. Kogel believes irradia- 
tion of lecithin or choline by sunlight or ultraviolet light to lessen their power of 
reducing a silvcr-metol acetic acid reagent.^ In the case of lecithin, the acidity 
increases, because of the liberation of phosphoric and fatty acids, along with 
glycerol and choline.’’^ 

Although Becking and Gregersen ^ believed the permeability of membranes 
made from equal proportions of collodion and lecithins to be transitorily increased 
by illumination, Brooks ^ considered that this is in need of further experimental 
support. 

The ability of cephalin to protect cholesterol sols from the coagulating action 
of salts is destroyed by intensive ultraviolet irradiation.® An irradiated 0.25 per 
cent cephalin sol does not flocculate gold sols, differing in this respect from 
irradiated proteins. Neither does it cause the hemolysis of red blood cells, an 
effect which has been observed in the case of irradiated lecithin sols by Fabre 
and Simonnet.'^ 

Bile acids no longer give the Nakagawa red reaction after ultraviolet irradia- 

1 Kollath, W., Klin. Wochschr., 6, 13 (1927); Chem. Abs,, 21, 2009 (1927); see also Spiegd- 
Adolf. M., Biochem. 29, 24 1 3 (193 5). 

» Kogel, G., Z. Krebsforsch., 46, 105 (1937); Chem, Ahs„ 31, 8670 (1937). 

® Roffo, A., and Correa, L., Bol. inst. med. exptL No 42 (1936); Rev. ^idamcricana endocrinol. 
immunol. quimiotherap,, 20, 548; Chem. Ahs., 32, 201 (1938). 

^Becking, B. L., and Gregersen, M., Proc, Soe. BxptL Biol. Med., 22, 130 (1924); Chem. Abs., 
19, 3273 (1925). 

“Brooks, S. C.. Science, 61, 214 (1925). Sec also Brauner, L., and Brauner, M., Protoplasma, 28, 
230 (1937). 

« Spiegel-Adolf, M., /. Am. Chem. Soc., S7, 1431 (1935). 

^ Fabre, R., and Sinionnet, H., Bull. soc. chim. biol., 10, 1036 (1928); Chem. Abs., 24, 1126 (1930) 

669 



670 


THE CHEMICAL ACTION OF ULTRAVIOLET RAYS 


tion.® Such treatment also reduces the ability of sodium glycocholate to detoxify 
certain otg'an poisons (lung or intestine).® 

On irradiation, methyl cholate in chloroform becomes yellow, shows a decreased 
rotation, and yields on fractional crystallization, a ^-ester of lower rotation and 
higher melting point. A stereoisomeric change is believed to occur at the secon- 
dary hydroxyl group of ring HI of the ester. Neither the free acid nor its 
sodium salt in water suffered the isomerization. The /?-ester differed from the 
original Of-form in its greatly retarded Mylius reaction, its greater solubility, and 
its failure to be precipitated by digitonin. A further product of the irradiation 
was a resin which on saponification yielded a yellow acid, [a]^®==25, with a titra- 
tion equivalent of 591.7, and probably a condensation product of cholic acid,^®* 


Proteins and Amino-acids 

The photochemistry of the proteins is best approached by considering first the 
behavior of their degradation products, the amino- acids. The absorption of ultra- 
violet light by proteins is very largely due to their ring-containing amino- acids, 
tryptophane, phenylalanine and tyrosine.^2 These amino- acids exhibit selective 
absorption between about 2400 and 2900A, the maximum being at about 27S0A, at 
least in the case of tryptophane.^® In connection with other investigations, Sved- 
berg and co-workers have given ultraviolet absorption curves for a number of 
proteins, from which it can be readily shown that the selective absorption with 
maximum^ at 2750 to 2S00A depends in large part upon the content in the proteins 
of the amino- acids tryptophane and tyrosine. The influence of most of the remain- 
ing amino- acids is evident chiefly in the absorption at wave-lengths of 2300A or 
less. Of recent years many papers, on details of the absorption spectra of pro- 
teins have appeared.^® 

Amino- Acids. Tryptophane and tyrosine are sensitive to irradiation with 
ultraviolet light, absorbing oxygen under its influence.This accounts for most of 
the oxygen uptake by irradiated plasma, according to Harris.^® 
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Berthclot and Amoraax find tryptophane forms indole-3-acetic acid, detectable 
after ten minutes of mercury arc irradiation of a solutioi^ of 0.5 gm. per liter in ^a 
quartz flask. The change is retarded by acidification to pH 4.5.^*^ 

The non-aroniatic amino- acids, such as glycine, alanine, valine, leucine, and 
aspartic acid, either do not show an increased rate of oxidation when irradiated, 
or show it less readily. Lieben found that sensitizers such as hematoporphyrin 
increase the oxygen absorption of the aromatic amino- acids in the light of the 
quartz lamp and even enable them to show some activity in diffused daylight 
The velocity of the oxidation is increased by alkalinity and, in the case of trypto- 
phane, by the addition of formaldehyde. When combined in proteins, the destruc- 
tion of these amino- acids by light is retarded. They are of particular interest 
because of their possible participation in the mechanism by which the pigment 
melanin, or a related substance, may be formed during tanning by sunlight. 

Arnow^® finds irradiation to convert /-tyrosine into do/^a( /-3,4-dihydroxy- 
phenylalanine), which itself can be destroyed by prolonged irradiation. An oxidase 
of certain skin cells (the melanoblasts) converts dopa into the tan pigment melanin. 

The absorption spectra of the aliphatic amino- acids have been interpreted as 
indicative of a zwitterion structure '^NH 3 CH 2 COO".^^ 

The wave-length at which the continuous absorption of the glycine cation, 
NH 3 CH 3 COOH begins has been considered by Onslow, Foster and Klingler" to afford 

a measure of the energy required for its dissociation into a hydrogen ion and the zwit- 
terion NHa*'CH#'COO“. In water, it begins at the wave-number 51894 and in hydro- 
chloric acid at 51813, corresponding to 146.86 and 146.63 kcal., respectively. The dis- 
sociation frequency is regarded as the sum of the limiting frequency of the Balmcr 
series for hydrogen and of a natural vibration frequency of the molecule-ion, the 
latter term varying in different amino- acids inversely as the sauare root of the molec- 
ular weight of the zwitterion. In alkaline solution, the glycine cation exists as 
NHJCHjjCOONa. Dissociation occurs at a wave-number corresponding to 138.59 kcal. 

Irradiation with ultraviolet light causes polymerization. 

After irradiation by a mercury arc for fifteen hours, a 0.1 A/' aqueous glycine 
solution increased in conductivity from 1.54x10-5 to 71.20x10“®. Its pH increased 
from 4.8 to 7,45. These changes are due to the formation of ammonia as a result 
of hydroivsis; 

NH.CH,COOH -h H.0 ^ OHCftCOOH + NH, 

Glycolic acid, but no acetic acid, was formed and the occurrence of side reac- 
tions was indicated by the evolution of a gas rich in carbon monoxide. The 
reaction was most rapid, according to Henri, Weismann and Hirschberg,^^ ^t 
pH 3, declining with increasing pH to a minimum at pH 6 and then increasing 
slowly. Although the absorption begins at about 2400 A, wave-lengths less than 
2205A are required to produce the decomposition. The quantum yields are about 
0.09 for glycine, 0.1 for alanine, and 0,06 for the compound betaine. The rate of 
reaction is much greater in alanyl-glycine than in glycine and in phenylalanine 
than in alanine.^* 
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Aspartic acid also is hydrolyzed by ultraviolet light.^'* Irradiation of ^aspartic 
acid produces a new absorption band at 2650A, according to Becker, which is 
not observed in the case of either asparagine or malic or tartaric acids* Becker 
showeo later that both Z-aspartic acid and /-asparagine yield acetaldehyde upon 
irradiation. The decomposition products of glycylglycine are different. Because 
of their a-hydroxyl groups, d/-serine and d/-lactic acid react differently from 
c//-alanine,^® 

The splitting of ammonia from amino- acids as a result of irradiation has also 
been studied by Lieben and Urban only the a-arnino- group undergoes this 
reaction. It is greatest in histidine, 88 per cent, and next in cystine, 32.7 per cent. 
It is twice as great in lysine, 20.9 per cent, as in arginine, 9.4 per cent. The total 
decomposition of histidine, tyrosine, or tryptophane, as measured colorimetrically, 
did not agree with the amount of ammonia evolved, indicating the occurrence of 
secondary reactions, as had been suggested by Weizniann in the case of glycine. 
Guanidine was resistant and did not evolve ammonia when irradiated. The 
amino- group in guanine or in aiithranilic acid or ben/idme is displaced as easily 
as when it is present in a side chain. 

Hippuric acid is very stable in sunlight.^® The irradiation of hydroxyproline 
solutions by a quartz lamp produces two new absorption bands at 2570 and 3130A; 
the latter does not appear if the solid is irradiated.-® 

Ellinger found that irradiation of a 1-per cent solution of histidine hydro- 
chloride by a quartz mercury arc yields traces of a decomposition product detected 
pharmacologically by its histamine-like action. Histamine is the product of the 
decarboxylation of histidine. Photocatalysts did not accelerate the rate of the con- 
version, which, within certain limits, was unaffected by the pH of the solution or 
by the duration of the irradiation. Further application of radiations of the wave- 
lengths 2970 and 3020A caused a loss of tlie pharmacological activity of the 
irradiated solutions. During the irradiation of histidine, clianges in the aljsorp- 
tion spectra, interpreted as indicative of the decarboxylation of histidine, were 
observed. Becker, however, pointed out that the similarity of the absorption 
spectra of histidine and of histamine is such that the optical method is unsuiled 
for following the decarlx^xylation of histidine. P'llinger later admitted that 
what he had regarded as the characteristic absorption of histidine hydrochloride 
in the longer wave-length region of the ultraviolet had been due to the presence 
of traces of iron compounds as impurities. 

Nevertheless, renewed interest in the reaction was aroused by the demonstration 
by Holtz that histamine is produced by the irradiation of a 1: 150 solution of 
histidine at pH 12 in the absence of oxygen. He was able to isolate 7 mg. of 
histamine, identified by melting point and analysis of the crystalline pictrate, chloro- 
aurate and chloroplatinate, from the products of irradiation of 1 gni. of histidine. 
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Elling:er*® had not been able to identify the irradiation products chemically or 
spectroscopically after the irradiation of histidine, dry ot in solution, but observed 
that the irradiated solution excites the intestine of a guinea pig. The extracts 
made with hot chloroform also lowered the blood pressure. Since, the injection 
of histamine into the skin is known to lead to the production of an er3rthema, 
Ellinger suggested that the erythema of sunburn may be due to the production of a 
histamine-like substance from histidine in the upper layers of the epidermis. It 
was possible to obtain considerable amounts of such substances from even the 
non-irradiated skin of guinea pigs, although such extracts were never more active 
than those of irradiated samples. 

Szendro maintains that imidazoleacetaldehyde is the material formed in the 
irradiation of histidine. On the other hand, according to Wrede and Holtz, the 
irradiation of imidazolylethyl alcohol does not yield depressor substances. 

The oxidation of cystine is not induced by irradiation, according to Harris, 
and cysteine takes up oxygen so rapidly in darkness that any acceleration produced 
by ultraviolet light is negligible in comparison with that produced in the case 
of tryptophane or tyrosine. 

The energy required for the dissociation of cystine in hydrochloric acid solu- 
tions is, from the absorption spectrum, 70.8 kcal.^*^® Lieben and Molnar,^^ find that, 
although both cystine and cysteine do decompose under the quartz mercury arc, 
the process proceeds much more slowly than in the case of the aromatic amino- 
acids. In diffused dayliglit. the destruction of cystine occurs only in an alkaline 
medium. wSince cysteine oxidizes spontaneously in an alkaline solution, its behavior 
must be .studied in an acid medium and for this a photosensitizer, such as hemato- 
porphyrin, is required in daylight. In the arc light, however, there is a slow 
decomposition in the absence of a .sensitizer. Szendrd, Lambert and Wrede 
claim that /-cysteine is formed in 5-per cent yields when cystine is irradiated with 
ultraviolet light. 

Rao and Dhar .studied the f)hoto-oxidation of amino- acids in sunlight in the 
presence of such sensiti/ers as titanium dioxide, zinc oxide and alumina. The 
products formed from the aliphatic representatives included aldehydes, carbon 
dioxide and aninionia. Monoaminodicarboxylic acids acted less readily than the 
monoaminomonocarhoxylic acids, Anthranilic acid gave aniline and carlyon diox- 
ide. Ort has given sonic attention to the catalytic influence which amino- acids 
may exert upon the oxidation of sugars irradiated in the presence of hydrogen 
peroxide 

It is api)arent from a consideration of the observations recorded in these para- 
graphs that, although a quartz mercury arc produces certain changes in amino- 
acids, the radiations available in .sunlight or even from artificial sources under the 
Usual conditions of their therapeutic applications, are incapable of affecting the 
amino-acids other than those which contain an aromatic, indole or imidazole ring. 

Kllinffer, F., Archw exp. Path. Pharmakol.^ 153, 120 (1930); Sti ahlenthrrapte, 38, 521 (1930); 
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In general, there is, on the irradiation of amino- acids with light of sufficiently 
short wave-length, an evolution of ammonia and a shift of the absorption spectrum 
to somewhat longer wave4engths>^ 

The optical rotations of optically active dipeptides are unaltered by exposure 
to ultraviolet light, but solutions of the corresponding 2,5-diketopiperazines show a 
diminution in rotation which soon reaches a constant value. Traces of ammonia 
and carbon dioxide can be detected after irradiation in air, but not in nitrogen, so 
that the mechanism probably involves oxidation. Solutions of silk peptones show 
similarly altered rotations.^® 

The irradiation of a solution of Witters peptone produces a skin on the surface. 
This skin fails to give the biuret reaction. The tyrosine content is reduced, as is 
that of histidine and there is no tryptophane present. Since the amino-nitrogen 
content in this skin is found to be reduced, it is probable that the production of 
plasteins may have occurred. The minimum amount of skin is formed at pH 5.5. 
On removal of the film, a new one forms on further irradiation. Solutions of the 
peptones from casein or silk fail to behave in a similar manner.'*® 

Behavior of Proteins on Irradiation.*’^ In 1913, Bovie *® reported that fresh 
egg albumin, on exposure in a quartz tube at 10 cm. from a mercury arc lamp at 
room temperature, began to show a feathery coagulum on the walls nearest the 
lamp and after 35 hours had become fully coagulated and possessed a peculiar, 
strong odor. When an aqueous solution was employed, less time was required for 
the coagulation. The product formed settled to the bottom of the tube. Crystal- 
line albumin not freed from ammonium sulfate coagulated more rapidly than fresh 
egg-white. After dialyzing away the salt, the protein was still more sensitive 
and showed some coagulation even when exposed in glass tubes. Ox-serum was 
also coagulated in quartz tubes. No coagulation occurred at zero, but if the solu- 
tion was then warmed a few degrees it became turbid. If the temperature was 
then quickly reduced, the solution again became clear. It was suggested that light 
alters the protein at low temperatures, but that only at higher temperatures does 
there occur a second change leading to the production of a visible coagulum.*® 

Many observations have since been made of the phenomenon. In the case of 
serum albumin, Teichler,®^ believed the coagulating action, although not the pri- 
mary photochemical process, to be dependent upon the relative amounts of sodium 
and calcium tons present. 

The question has been frequently raised as to whether the mechanism is the 
same as that of the coagulation by heat. Bovie believed this to be the case, since 
he found the coagulated material soluble in dilute alkali, but insoluble in alcohol, 
water or dilute acid. Spiegel-Adolf and Krunipel.®^ found that the absorption 
spectrum changes during heat coagulation in a manner similar to that during 


** Allen, A. Steiger, R, E., Magill, M. A., and Franklin, R. G., Biockgm. J., 31, 195 (1937): 
Magill, M. A., Steiger, R. E., and Allen, A. J., Biochem. 31, 188 (1937). 

« Abderhalden, E., and Haas, R., Z. physiol. Chem,, 155, 195, 200 (1926); 166, 78 (1927); 160, 256 
(1926); 164, 1 <1927); Htineckc, H., Ber., 60B, 1451 (1927): Ley, H.. and Arends, B., Ber., 212 
(1928h Abderhalden, E., wid Rossner, E., Z, physiol. Chem., 176, 249 (1928); 178, 156 (1928); 
Asahina, T., Bull. Chem. Soc. Japan, 4, 202 (1929); Guthraann, H., ScWerin, K., and Stakler, F„ 
Strahlentherapiff, 39, 401 (1931); Chem. Abs., 25, 2448 (1931). 
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irradiation, but that the changes were quantitatively less in the former case. How- 
ever, Spiegel-Adolf found also, at least in the case of serum albumin,®^ that t^ie 
coagulum formed by irradiation differed from that formed by heat in not being 
rendered water-sOlublc by dilute alkali followed by dialysis. After irradiation in 
the presence of hydrochloric acid, serum albumin can be salted out, but this differs 
from the behavior on heating in the presence of acid. In spite of these differences, 
serum albumin heated or irradiated in the presence of sodium hydroxide shows the 
same behavior to neutral salts. The presence of larger concentrations of neutral 
salts does not prevent the coagulation of scrum albumin during irradiation, but the 
presence of multivalent ions does inhibit the precipitation. Potassium thiocyanate 
does not inhibit the irradiation coagulation and cannot bring the product into solu- 
tion, differing in this respect from its effects on heat coagulaton. 

Clark pointed out that only at pH values near the isoelectric point is albumin 
coagulated by either light or heat. At other pH values, it remains clear on irradi- 
ation but has been altered by the process so that it behaves toward electrolytes as a 
globulin. Other workers, notably Abderhalden, observed that a slight decrease 
in pH occurs during the irradiation of globulin and, in the presence of sodium 
chloride, albumin solutions. The optical rotation also decreases, but the conduc- 
tivity increases slightly. The increase in acidity was also observed by Mond,®^ 
who found the viscosity increased, and the surface tension decreased. The latter 
effect was less in the case of albumin than of globulin.®® 

Stedman and Mendel extended the investigations to about twelve purified 
proteins. In general, tliere was a lowering of the coagulation temperature, together 
with the production of an odor and a yellow tint, and in some cases, an increase 
in the specific rotation. These changes were independent of the presence of water, 
electrolytes and oxygen. In te.sts of some fourteen proteins, it was found by 
Spiegel-Adolf and Pollaczek that bacterial contamination of the solutions retarded 
their coagulation during irradiation. The retarding effect persisted eten after tlie 
infection had spontaneously died. 

Rajewsky found the primary denaturation process independent of tempera- 
ture, only the conglomeration of the denatured particles being accelerated by a rise 
in temperature. Centner and Schwerin®® followed the coagulation by following 
the changes in the number of particles exhibiting Brownian movement. At the 
isoelectric point of egg albumin, three processes rather than two may be recognized 
as involved in the mechanism of coagulation, according to Clark.®® Following the 
primary photo-denaturation, she believes there ensues a reaction between the 
denatured molecule and water, following which there is a flocculation of the 
denatured molecules to form the coagulum. The first denaturation is a mono- 
molecular process, which, in agreement with Rajewsky, is independent of tempera- 
ture. The reaction with water has, however, a high temperature coefficient — over 
ten. The reaction occurs rapidly at 40® C., a temperature at which heat denatura- 

“ Spiegd-Adolf, M., Biocfwm. Z., 1S6, 181 (1927). 
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tion is inappreciable. Mirsky and Pauling suggest that the primary absorption 
process causes a break in the native protein molecule which enables it to suffer 
denaturation at a temperature lower than that otherwise required. 

Little is known as yet of the precise nature of this primary process. Lamport 
and Weis noted during irradiation in the absence of oxygen the formation of a 
substance with sulfhydril reactions which cannot, however, be separated from the 
proteins by ultrafiltration or by precipitating the protein with colloidal ferric 
hydroxide. Mirsky and Anson observed that the number of sulfhydril groups 
in egg albumin coagulated by ultraviolet light is equivalent to that in samples 
coagulated by typical denaturing agents. 

Other observations of chemical decompositions involved have been occasionally 
made. Hoffmeister claims that after five hours of irradiation of serum albumin 
and peptone, the values for acetaldehyde were as high as 68 and 108 mg., respec- 
tively, as compared with 18 and 8 mg. in non- irradiated controls. Howitt also 
suggested that formaldehyde or some similar substance is produced from egg 
albumin, and that this, by reacting with amino- groups, might account for an 
observed increased acidity. An alkaline reaction favors the last step and tends 
to lessen the possibility of a reducing action by the aldehyde. 

Gelatin and globin (and also the alkaloid caffeine), when irradiated in weakly 
acid solutions, yield ammonia, according to Eckstein and Lieben.^^ These observers 
do not believe an increase in amino- nitrogen to be due to a cleavage of peptide 
linkages, since peptides are not hydrolyzed under these conditions. They also 
exclude arginine as the source and believe that both the ammonia and the increased 
amino-nitrogen originate from the heterocyclic rings of histidine, proline and 
hydroxylproline. Lieben and jesserer,^^ however, admit that the peptide linkages 
in proteins may be less resistant than they are in peptones and peptides, so that it 
may not be necessary to conclude that the origin is exclusively the breaking of 
heterocyclic rings. 

Much attention has been devoted to the changes wrought by irradiation in the 
collodial behavior of the proteins. Mond®® believed that the stability of solutions 
of serum globulin and fibrinogen are increased since their coagulation temperatures 
were raised. 

According to Cossu,®® non- irradiated samples of serum albumin show a minimum 
in the surface tension-pH curve at the isoelectric point, but after irradiation there 
is a maximum at the isoelectric point and another at a point on the acid side. 
The protein is no longer stable at the isoelectric point as shown by the fact that the 
solutions are slightly turbid. 

Monomolecular albumin films on inadiation dissolve completely in about two 
hours.'^® Mitchell found that the phaKe-boundary potentials of egg albumin films 
increase when irradiated by the 2537A line. The solid film liejuefies. It was sug- 
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gested that certain CO-^NH linkages in the main polypeptide film may be hydro- 
lyzed. It could be shown that this linkage is broken in stearic anilide to the extejnt 
of at least 95 per cent, the quantum yield being unity, but varying with the molec- 
ular orientation in a manner for which a theory was given. Mitchell called atten- 
tion to the interesting possibilities offered in biological work by the fact that the 
photochemistry of monomolecular layers offers a means of studying the effects of 
orientational factors. 

Among the most carefully conducted and detailed studies of the changes occur- 
ring in proteins are those of Spiegel- Adolf. “^2 With KrumpclJ® she showed irradia- 
tion to increase the ultraviolet absorption of solutions of electrolyte-free serum 
albumin in the region 4000 to 2675 A, without affecting the location of the absorp- 
tion maxima and minima. Oxygen was not necessarily present in order to produce 
these changes. Pseudo-globulin and serum itself also exhibit an increase in absorp- 
tion when irradiated in the presence of alkali, but euglobulin does not. Egg albu- 
min behaves as does serum albumin.'^^ If acid or alkali is added before the irradi- 
tion, the increase in absorption increases with the concentration of the added acid 
or alkali. The effects are much less marked when x-ray or radium irradiation 
is employed. Piowever, in the presence of materials which under x-radiation 
fluoresce in the ultraviolet region, the effects of x-rays are similar to those of 
ultraviolet rays. 

Weis found the bluish fluorescence of serum euglobulin under ultraviolet 
irradiation to be increased after irradiation with unfiltered ultraviolet rays. 

Spiegcl-Adolf found also that after removing ultraviolet-coagulated serum 
globulin from a dilute solution, the filtrate contained a substance, probably proteose 
in nature, which coagulates a sol of colloidal gold. When a concentrated solution 
of this substance is added to spinal fluid, the mixture simulates the fluid of cases 
of general paralysis in the diagnostic colloidal gold precipitation test. She also 
showed that, after irradiation, gelatin solutions lose their protective pdwer for gold 
sols and tend instead to precipitate theni.'^'^ Arginine, histidine, lysin and choline 
flocculate colloidal gold only after irradiation, whereas glycine and the cyclic 
amino- acids do not acquire this property even after irradiation. The ability of 
histamine solutions (0,00018 mg. per cc.) to precipitate gold sol is lost on irradia- 
tion, although not at the same rate at which the pharmacological properties of this 
compound are lost. Irradiation also destroys the protective power of thymonucleic 
acid which becomes, like cytosine and uracil, a gold sol precipitant. Exposures 
up to six hours are required, however. 

It has been claimed that differences between globulins and albumins exposed to 
ultraviolet light for varying periods, 45 minutes, 3 hours and 6 hours, can be 
demonstrated by the biological reaction of Abderhaldcn.'^® The enzymes produced 
by an animal in the Abderhalden reaction after the injection of such products ate 
claimed to be specific for the kind of protein and its exposure time. It also is 
claimed that irradiation increases the su.sceptibility of globulin but not of albumin 
to the action of gastric juice. 

A summary ir given in Arch. Path , 12, .*»33 (1931). 
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Early work of Harris indicated that oxygen is absorbed during the irradia- 
tion of egg albumin, casein and edestin, but not of gelatin. At the same time, 
the Characteristic absorption maximum at 2800A disappears, at least in the case 
of egg albumin, according to Becker and Szendro.®^ Hematoporphyrin and chloro- 
phyll greatly accelerate the velocity of oxidation of plasma in light. This is true 
also, hut to a lesser degree, of a number of dyes, such as methylene blue and eosin, 
and of ionic iron.®^ 

Weis demonstrated that the irradiation of egg albumin in an atmosphere of 
nitrogen leads to the production of a substance which can be readily oxidized by 
oxygen or by methylene blue. This converts the substance into an oxidant capable 
of oxidizing the yellow leucobase of the red dye, Rosindulin GG. Irradiation under 
decreased oxygen tension instead of under nitrogen decreases but does not entirely 
prevent the formation of the substance which reduces methylene blue. After 
irradiation in oxygen at higher tensions, the substance is produced only in the oxi- 
dant form, capable of oxidizing the leuco-rosindulin but not of reducing methylene 
blue. Weis concluded from these observations that irradiated skin is the source 
of a substance analogous to the sulfhydryl compounds and which may play a part 
in tissue respiration. The property of bleaching methylene blue not shown by 
protein irradiated in an oxygen stream may be acquired by keeping the solution 
for a few hours in contact with washed frog muscle or its dry powder. The dry 
muscle powder bleaches methylene blue very slowly; if it is irradiated in nitrogen,®® 
and oxidized protein is added, the bleaching is accelerated four times. Non- 
irradiated protein does not act. 

That the reduction-oxidation potential of solutions of egg and serum albumins 
is reduced by coagulation either by heat or ultraviolet light has also been observed 
by Nakamura,®^ Kather states that ultraviolet- irradiated egg albumin forms a 
copper-complex which is five to ten limes as active as that from the non-ir radiated 
protein in catalyzing the oxidation of unsaturated acids. 

Fibrinogen is precipitated from its solutions by irradiations. Such irradiated 
solutions are no longer coagulated by the toxin of Crofalus tcrrificus.^^ The action 
of the ultraviolet light on this globulin is inhibited by the presence of hemato- 
porphyrin. ®'’^ 

Dried hide powder, after several weeks of irradiation by a quartz mercury arc, 
either in air or in a quartz tube under nitrogen, acquires a bright canary yellow 
color. Of the irradiated powder, 27.8 per cent dissolves in an equal weight of 
water at room temperature. The capacity of hide powder to combine with hem- 
lock tannin at pH 18 is greatly reduced by the irradiation.®® 

Keratin, as in unbleached horn, after ultraviolet irradiation, assumes in a lead 
nitrate solution a deeper color than that given by the non-irradiated sample. Wool 
shows a similar behavior. Thus only after irradiation do bleached horn and 
bleached wool acquire the ability to form lead sulfide with solutions of lead salts.®® 
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It is assumed that a part of the sttlfur of keratin is converted into sulfur ions under 
the influence of light. On the other hand, Barritt and Ring ^ state that on expo- 
sure to ultraviolet radiations wool loses part of its sulfur as sulfur dioxide, which 
may be evolved, adsorbed or oxidized to sulfuric acid. From x-ray observations, 
Astbury and Woods state that irradiation of unstretched keratin by ultraviolet 
light or x-rays causes intramolecular changes analogous to those due to the action 
of water on stretched keratin. 

It has been claimed that when gelatin is irradiated, it is altered in such a way 
as to lessen its tendency to swell in water. The effect is said to be proportional 
to the duration of illumination.®^ The solubility of the swollen gelatin in water 
is reduced, and the irradiated solution has the property of reducing ammoniacal 
silver nitrate solution, but the elementary analysis is unaffected. The presence 
of oxygen during the irradiation is not essential. The effects of irradiation may 
be lessened by careful purification of the gelatin, and it has been suggested that 
an iron sensitizer found in the ash may be necessary for the process. Sheppard 
and Houck believe the underlying reaction to be of termolecular order. Accord- 
ing to Ponthus®^ irradiation increases the electrical conductivity and decreases 
the optical density and viscosity of gelatin, but does not change its state of aggre- 
gation. Duce®® finds the surface tension to be lowered and attributes this effect 
to a decrease in the hydration of the colloidal particles. 

Insulin is not resistant to ultraviolet rays in the presence of oxygen and it 
cannot, therefore, be sterilized by them.®® Variations observed in the effect of 
these radiations on commercial insulin preparations have been attributed to varia- 
tions in their content of phenol, which protects the preparation against their 
action.®’’^ According to Ellis and Newton,®® exposure of commercial insulin in 
nitrogen in a quartz tube for 19 to 48 hours destroys the active hypoglucemic sub- 
stance. Substances remain which, when injected, have the property of increasing 
the blood sugar level. Ozone and oxygen in sunlight destroyed the h>q)oglucemic 
substance in insulin solutions but did not develop the substances producing the 
increase in blood sugar in one hour.®® 

Freudenberg and Wegmann find that the activity of irradiated insulin can be 
partly restored by oxidation by hydrogen peroxide in the presence of cysteine. 
Irradiated egg-white inactivates insulin in an atmosphere of nitrogen. The photo- 
chemically liberated sulfhydryl groups reduce the active disulfide form of insulin to 
the inactive sulfhydryl form.^®^ The reducing properties may be developed in pro- 
tein even by therapeutic doses of irradiation,^®® 

In the presence of quinones as sensitizers, hemoglobin (and also chlorophyll) 
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••Ellis, M, M., and Newton, E. B., Am. J. Physiol., 73, 530 (1925). 


••Keeser, E., [Arch. exp. Path. PkarmakoL, 166, 624 (1932); Chem, Abs., 26. 5582 (1932)3 believes 
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^••Freudenberg, K., and Wegmann, T., Z. physiol, Chem., 233, 159 (1935), 
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absorb hydrogren tinder the influence of light. Oxidation occurs subsequently, 
turning the quinones (with the exception of juglone), brown. In sunlight, hemo- 
globin is degraded into its decomposition products, the process being accelerated by 
the use of glutathione as sensitizer. Under these conditions, chlorophyll may be 
destroyed.^*^ Lennox states that in ultraviolet light, potassium iodide, but not 
free iodine, accelerate.^ the conversion of hemoglobin to methemoglobin. Etiopor- 
phyrin I, when irradiated in pyridine containing sodium ethylate, alters its spec- 
trum, a new absorption band appearing at 6360A, the red solution becoming blue 
and then green.^®^ Oxygen is necessary for the change to occur. The solution 
contains etioglaucobilin and a red diketone of this substance, besides a mixture of 
dinuclear aldehydes, very similar to etioneoxanthomethencs. The first step in the 
photochemical oxidation is the addition of oxygen at several of the methine bridges 
of the porphyrin. The resulting peroxide isomer izes and the bridge breaks to 
yield an isomer of glaucobilin, which rearranges. The other products result from 
other rearrangements of the peroxide. 


Enzymes 

Since the activity of an enzyme depends, in general, u])on the integrity of its 
colloidal protein component, the destruction of the activity of enzymes is intimately 
bound up with the effects of ultraviolet upon the proteins. Since, however, there 
may conceivably be various prosthetic groups in the enzyme molecule which also 
condition its activity, the details of the destruction process may be expected to vary 
from enzyme to enzyme. Therefc»re, although most enzymes which have been tested 
have been found to be sensitive to ultraviolet rays, the behavior of each must be 
discussed separately. In many cases the activity of enzymes depends also upon 
the presence of specific coenzymes, and these also may be affected by radiations. 

It has been claimed that certain monochromatic radiations in the visible range 
increase the activity of catalase, pepsin, trypsin, and lipase. In no case was the 
enzyme activity depressed. 

Application of ultraviolet rays may aid in determining the unitary or non- 
unitary nature of certain enzymes which have the property of acting upon more 
than one substrate. If the activity toward each is destroyed at the same rate on 
irradiation of the preparation it may be assumed that but one enzyme is involved, 
according to Helferich and Brieger.^^^^ In the emulsion of almonds, the activity 
toward phenol ^-(/-glucoside and phenol-(f-galactoside diminish at the same rate, 
suggesting that both substrates are hydrolyzed by the same enzyme. The activity 
toward phenol -y5-c?-gluco.side, however, diminished twice as rapidly as that toward 
phenol a-d-mannoside, suggesting that different enzymes affect these substrates.^^^ 

Diastase. The behavior of this enzyme has been extensively studied by 
PincuSvSen. It is not destroyed by sunlight, but is inactivated by shorter ultraviolet 


S«e also Gouzon, B., Ann. physiol, physicochim. Hoi., 11, 388 (1935). 
i9*K5gel, G., Strahlentherapie, 42, 379 (1931); Brit. Chem. Abs., A, 634 (1932). 
iw Lennox, F. G., Australian J. Exptl. Biol. Med. Set., 13, 193 (1935); Brit. Chem. Abs., A, 
92 (1936). 


Fischer, H., and Hcrrle, K., Z. pkystol. Chem., 251, 85 (1938). 

«"An early attempt to classify enzymes in accordance with their sensitivity to ultraviolet under 
various conditions was made by AgulUon, H., Compt. ^cnd., 153, 979 (1911). 

i«Kecscr, E., Arch. exp. Path. Pharmakol., 164, 626 (1932); Chem. Abs., 26, 3269 (1932); note also 
Collier, H. B., and Wasteneys, H,, Australian J. Exp. Biol. Med. Scu, 9, 89 (1932): Ckem Abs. 27, 
2164 (1933). 


Helferich, B., and Bricgcr, G., Z. physiol. Chem., 221, 94 (1933); Helferich, B., Rohr. H.. and 
Gunther, E., Ibid., 90. 
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rays. The destruction is greatest at pH 4.6 at which the enzyme also exhibits its 
maximum activity. The destruction is least at pH 7^0 f and 7.4,^^^ The rate is 
accelerated by the presence of iodides and inhibited by glycine and by starch, but 
is but little affected by sugars or by change of temperature. In the presence of 
dextrose, sunlight may have a slight effect. The inactivation of O.l^per cent malt 
diastase acting on 1-per cent starch solution at varying pH values proceeds as a 
unimolecular reaction, although in the presence of 0.5 per cent of starch only 
the later stages of the reaction are expressed by the unimolecular rate equation. 
The disagreement is still more marked in the presence of 0.25 per cent of starch. 
A 0.2-per cent solution of the enzyxne gives complex results in the presence of 
either 1~, 0.5- or 0.25-per cent starch solutions.^ 

Phosphate solutions {6M) protect malt diastase and the maltase of pancreatin 
from inactivation by ultraviolet rays, but less dilute solutions are less effective. 
Similar results are given by acetate solutions of the same pH. In the presence 
of a phosphate buffer, with or without the addition of sodium chloride, the pro- 
tcctive action is at a maximum at pH 6.64.^^^ Ammonium, potassium and lithium 
chlorides, potassium bromide and sodium fluoride protect Taka-diastase to varying 
degrees, the effects being more marked in dilute solutions of these salts than in 
more concentrated ones. Potassium and sodium nitrates and nitrites give similar 
results but do not show the same varying effects at different temperatures. 

Liicrs and Lorinscr found the inactivation of malt amylase by ultraviolet 
rays followed neither the mono- nor bi-molecular reaction equations or the Schutz 
law. The temperature coefficient is 1.30 between 20 and 30°C. 

Pincussen believed also that in alkaline solutions, irradiation increases the 
action of salivary and Taka-diastases, pancreatic diastases showing a similar but 
very much less marked response. 

During the progressive purification of diastase from the pancreas, the sensitivity 
toward ultraviolet rays progressively increases.^^® Diastase which had been ren- 
dered almost inactive l)y irradiation could be partly reactivated by the addition of 
small quantities of non-irradiated diastase. Since this effect is not obtained in 
the ca.se of heat inactivation, the mechanisms of the two modes of inactivation were 
thought differerit.^^'^ 

Although Kawakanii was unable to confirm the inactivation of Taka-diastase 
by ultraviolet rays, Thompson and Hussey found the inactivation of amylase to 
follow a unimolecular course for 88 per cent of the process. Similar results were 
recorded for Taka-diastase in 0.1-per cent solution by Yamashiki.^^® The influ- 
ence of the voltage at which the mercury arc was operated upon the value of the 
monomolecular rate constant was determined by Thompson and Tennant for 
pancreatin solutions. With 4 amperes and a potential of 75 volts, 0.02-per cent 
pancreatin solution at pi I 6 7 gave a constant of 0.259. With 70 volts across the 

111 Pincussen. L., Biockem, Z., 134, 459 (1923); J. Soc. Ckem. Ind., 42A, 370 (1923). 

11® Pincussen, L., and DiRenzo, F, Biockem. Z., 144, 366 (1924). 

Pincussen, L., Bwchem. Z., 144, 372 (1924); sec also Terroine, E. F., and Bonnet, R., Bull. soc. 
ihim. hiol., 9, 982 (1927); Ckcm. /lbs., 22, 1169 (1928). 

^i*Lucra, H., and Lorinscr, P., Biockem. Z , 144, 212 (1924). 

Pincussen, L., Biockem Z , 152, 406 (1924). 

Pincussen, L., hermentforschung, 8, 181 (1925); Bwchem. Z., 171, 1 (1926). Note also Kam- 
bayashi, Y., Biockem. Z , 203, 334 (1928). 
n’ Pincussen, L., and Oya, T., Biochetn Z , 207, 410 (1927). 

i^Kawakami, T., 7. Pkorm. Soc. Japan, 49, 361 (1929); Ckem. Abs., 23, 4238 (1928). 

Thomi>son, W. R., and Hussey, R., J. Gen. Phystol , 15, 9 (1931). 

Yamashiki, H., Aria Schol. Med. Univ. Imp. Kyoto, 16, 365 (1934); Ckem. Abs., 28, 47 59 (1934). 
w TliomiKson, W. R., and Tennant, R , J. Gen, Physiol., 18, 675 (1935). 
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lamp it was reduced to 0.172 and with 80 volts it was raised to 0.302. The pro- 
tective action of added dog serum on the stability of the solutions could be 
accounted for by internal filtering without the necessity of assuming for the serum 
a specific negative catalytic action. 

Sensitizers like eosin, sodium anthraquinone disulfonate and sodium dichloro- 
anthracene disulfonate aid various photochemical processes but have only a depress- 
ing effect upon the inactivation of Taka-diastase by ultraviolet light. Potassium 
ions increase the effects of light and decrease the rate of heat inactivation; the 
reverse is true of the calcium ion.^^^ 

Diastase also may be protected from the action of ultraviolet light by the pres- 
ence of asparagine, anilinoacetic acid, ammonium citrate, gelatin or tyrosine, prob- 
ably by internal filtering. 

Hutchinson and Ashton found that full ultraviolet irradiation retards the ability of 
both salivary and malt diastases to produce dextrin and sugars from starch in an inverse 
relation to the intensity of the light used. They report also that green light had a some- 
what sMIar effect on salivary diastase, but that both salivary and malt preparations 
were stimulated in their activity by either red-yellow or near ultraviolet light. Apparent 
differences of the rates of production of dextrins and of maltose by malt diastase during 
irradiation with various monochromatic radiations led them to suspect the presence of 
different enzymes in the preparation. 

Tang and Sung find fully germinated malt unaffected by ultraviolet rays, 
although malt which had just begun to germinate lost its activity on irradiation. 

Sucrase. Preparations of this enzyme exhibit an absorption band with its 
maximum at about 2700A, attributed to the presence of tryptophane in the protein 
of the enzyme. Addition of this amino- acid protects^-® the enzyme from inacti- 
vation by ultraviolet light. Yeast gums also present in the preparations have but 
very little absorption at 2700A. 

Although yeast autolyzates are almost uninjured by irradiation for two hours, 
sucrase preparations of a high degree of purity were inactivated within twenty 
to thirty minutes.^^^ The pH had but slight effect on the course of inactivation. 
The curve was linear during the earlier part of the reaction, but fell off later. 
In the presence of molecular oxygen, there was an apparent activation during the 
first ten minutes of irradiation, this being ascribed to oxidation of inhibiting sub- 
stances assumed to be present in the preparations employed. No reactivation could 
be obtained by the addition of tryptophane or yeast gums. On the contrary, these 
additions, particularly the yeast gums, hasten the postinactivation which occurs on 
standing in preparations which have been previously irradiated for ten minutes.^ 

Recently, the activating effects of very brief irradiation (3650 and 3660A), of 
5 minutes for autolyzates or half that long for dialyzates, was again noted by Gor- 
bach with Ruess .^29 Tj^e effect is observed after the irradiated solutions have stood 
a short while, increasing to a maximum and then declining with time. Repeated 
short irradiations give greater activation than a single longer one. 


Kiimanomidob, S., with Pincussen, L., Biochem. Z., 195, 79 (1928). 
i»Banerjee, S., and Sen, H. K,, /. Indian Chem. Sac,, 12, 379 (1935); Chem, Abs., 30, 113 (1936). 
Hucfcdneon, A. H., and Ashton, M. R., Canadian J. Research, 9, 49 (1933); Chem, Abs,, 27, 

i*Taiig, T.-H,, and Sunjr, T.-T., /. Chinese Chem. Soc., 5, 174 (1937); Chem. Abs., 31, 6405 (1937). 

i»70orbach, G., and Pick, H., Monatsh., 61, 29 (1932); Chem. Abs., 27, 110 (1933). 

»»l3orbach, G.. and Kimovec, D., Monatsh., 61, 39 (1932); Chem. Abs., 27, 110 (1933) 
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Albers and Meyer doubt the evidence of Gorbach that tryptophane is the 
carrier of the enzyme activity, since, although tryptophan^ could be detected in the 
purest preparations of this enz3rme, its content was not proportional to the enzyme 
activity. The observed increase in the absorption, particularly of the longer wave- 
lengths, was attributed to an aggregation of the colloidal carrier accompanied by an 
alteration or masking of the active groups,^^®* 

Ultraviolet light retards the action of phosphatase from tuberculous lymph 
glands of rabbits on calcium fructose mono- and sucrose-phosphate, but not on 
calcium a-glycerophosphate. In the presence of eosin, sunlight also diminished 
the activity of the phosphatase.^®^ Collier and Wasteneys find that plasma phos- 
phatase may be destroyed by ultraviolet and by visible light. 

Lipase. There have been recent claims that monochromatic radiations of 
long wave-length stimulate the activity of lipase. This effect, at least that on the 
action of the lipase of autolyzed yeast on castor oil, is said to be decreased when 
light of greater intensities is used.^®® Ultraviolet rays, however, inactivate lipase.^^ 
Similar observations have been recorded on the destruction of lipase in the blood 
serum of rabbits or guinea pigs. The proteins in the serum exert a protective 
action and the effects are greater when part of the protein content is removed.^®® 

Irradiation of dry powdered seeds of Ricinus communis does not affect their 
lipase activity.^®® 

Protcinases. That pepsin solutions can be inactivated by ultraviolet rays 
by a mononiolecular reaction was observed by Hussey and Thompson and later 
confirmed by Gates. ^®'^ Northrop *®® found the loss of activity of his crystalline 
preparations caused by either ultraviolet rays or radium to be exactly proportional 
to the rate of loss of proteins by denaturation. This was evidence supporting the 
view that the enzyme is a crystalline protein and not merely some simpler sub- 
stance carried by the protein, or at any rate that the protein molecule is itself 
responsible for the enzyme activity of the preparation. The rate of inactivation 
varied with the pH of the solution; it had its maximum value at pH 2. Uehara 
places it at pH 1.4.^®® 

The preparations exhibit an absorption band between 2600 and 2900 A. At low 
temperatures this may be resolved into a number of sharp narrow bands.^^® Gates 
found in a series of experiments with monochromatic ultraviolet light that the 
destruction of pepsin by different wave-lengths agrees in general with its absorption 
spectrum. Thus, by plotting the reciprocals of the energies required for various 
wave-lengths to produce the same degree of inactivation there is obtained a curve, 

Albers, H., and Meyer, I., Z. physiol, Chem., 22S, 122 (1934). 

This, however, may be not necessarily the case since similar increases in absorption during brief 
irradiation periods have been observed in crystalline pepsin and uracil solutions where there is no pos- 
sibility of the presence of a carrier of high molecular weight. 

Horil, I., Arb, Inst, Univ, Kyoto, HI C, 62, 1931; Brit. Chetn, Abs., A, 874 (1932). 

*** Collier, H. B., and Wasteneys, H., Australian J. Exp. Biol. Med. Sci., 9, 89 (1932); Chem. Abs., 
27, 2164 (1933). 

Murakami, R., /. Agr. Chem. Soc. Japan, 12, 709 (1936); Chem. Abs., 31, 1436 (1937), This 
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the destruction spectrum, which is similar in form and location to the absorption 
spectrum. During the process of irradiation, an increase in absorption^ occurs at 
wave-lengths other than that of the maximum absorption. Thus the minimum in 
the absorption spectrum at about 2500A was gradually lost and the long wave- 
length leg of the absorption curve also showed a ver}^ considerable increase in 
absorption.^^^ A protective action by proteins also has been observed in the case 
of this enzyme by Banerjee and Sen.^^^ 

Trypsin also is inactivated by ultraviolet but not by visible rays. The effect 
is maximal in the absence of iodides of the alkalies or alkaline earths.^^*^ 

The eosin-seiisitized photochemical destruction of rennet by visible light follows 
a unimolecular course, the rate constant being independent of the time of irradia- 
tion until 60 per cent of the enzyme has weakened. Its value increases with the 
concentration of the enzyme and is proportional to the intensity of illumination.^'**^ 

Purified tyrosinase can be injured by irradiation, according to Pincussen and 
Hammerich,^^'^ It is suggested that this may in some manner be concerned with 
the formation of melanins from tyrosine or related substances in irradiated skin. 
Alverdes believed that yellow rays promote the activity of the tyrosinase of the 
larvae of Cyclops viridis. 

The destruction and absorption spectra of urease in the ultraviolet region arc 
believed coincident by Kubowitz and Haas.***^ According to Pincussen and Kato,^'*** 
sunlight acting on urease solutions at pH 6.4 diminished the activity both of the 
active constituents and of a so-called '^stable Componenl-X.” Potassiinn hydrogen 
phosphate at pH 5.6 affords partial protection to the active component, but even in 
darkness the activity of the other constituents is decreased by phosphate Ultra- 
violet irradiation destroys the active enzyme both in the presence and absence of 
phosphate, but does not have such a marked effect as sunlight in inhibiting Com- 
ponent X, Collier and Wasteneys found that impure urease may be destroyed 
not only by ultraviolet but also by infrared rays. The quantity of ammonia pro- 
duced by soy urease is said, however, to increase with the intensity of monochro 
matic light of various wave-lengths tested by Murakami. Crystalline urease is 
rapidly destroyed by ultraviolet irradiation and cannot he reactivated by reducing 
agents or tissue extracts. Irradiated urease produces no antiurease when injected 
into animals.^®* 

Ultraviolet rays decrease the activity of animal rennet, although tliey have no 
effect on the rennet derived from plants, such as thistle blossoms.*®- Ultraviolet 
light destroys thrombin, but prothrombin is more resistant, according to Cekada.*®*^ 


141 jjote also Collier, H. B., and Wasteneys, H., Austrahan J. Exp. Biol. Med. Sci., 9, 89 (1932); 
Chem. Abs., 27, 2164 (1933). 

Banerjee, S., and Sen, H K., J. Indian Chem. Soc , 12, 740 (1935); Chem Ahs., 30, 2581 (1936) 
Pincussen, L., and Klissiunis, N., Bwchem. Z., 152, 416 (1924); Pace, J., Ibid.. 240, 490 (1931). 
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Enzymes Concerned with Respiration* Ito noted that catalase has two 
absorption bands at 4060 and 2660A, the first correspondi^i^: to the absorption band 
of hemin. Quite different was the earlier statement by Kuhn, Hand and Florkin 
that the absorption spectrum of catalase shows three bands at 6290, 5400 and 
SOOOA, in contrast to the continuous visible absorption of peroxidase, Zeile and 
Hellstrom also gave absorption spectral evidence that liver catalase contained 
a porphyrin iron complex, the carrier of the catalase function. 

Blood catalase is more readily destroyed in dilute than in stronger solutions, and 
the mOvSt rapidly at pH 6.81, the optimum for its activity. The addition of salts 
protected the catalase from the action of light. In the case of potassium iodide, the 
results were complicated by the action of tlie iodine liberated by the light. Mor- 
gulis and Schumacher found that the process proceeds at a uniform rate at 
pH 6.28. At more acid or alkaline reactions, the initial rate of inactivation dimin- 
ishes considerably with the lapse of time. At pH H, this effect is so marked that 
the enzyme may be said to be actually stabilized against the radiations. 

Spectrographic determinations have been used in an original manner by Stern 
in following the formation of intermediate compounds during the action of this 
enzyme. He noted that purified catalase solutions show, in addition to the hemalin 
absorption in the visible regions, uHravioIet bands due to the protein carrier. 
These varied wdth the source from which the catalase had been prepared. Irradia- 
tion from a mercury lamp inactivated the enzyme and changed its fluorescence 
from yellow-green to blue-green. This effect did not occur if a nickel oxide filter 
was interposed. 

Califano^'’^ believed that by irradiation wdth blue mercury lines 4050 to 4360i\, 
the intensity of catalase activity is decreased. There is little action by 4920A and 
none by 5460 and 5780A. The compound of catalase and carbon monoxide is 
decomposed by the 4050A line and less so by that at 4920A. 

Ultraviolet irradiation of yeast cells has been claimed to increase their catalase 
activity several times. After 16 to 18 hours it increases 300 per cent in 
Saccharomyccs ellipsoidctis, 1000 per cent in Torula rasa and 2500 per cent in 
Torula colliculosa. However, there was only a slight increase in the case of silk- 
worm eggs.^®- 

Green-colored rice may he decolorized by sunlight, but not by ultraviolet rays. 
During this process, the catalase and peroxidase activities decreased remarkably, 
but this also did not occur when ultraviolet rays were used.^®^ 

From absorption data, Kuhn, Hand and Florkin believed it probable that 
the active group in peroxidase is an iron porphyrin compound. The absorption 
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appeared to be continuous and located in the visible region. Peroxidase inhibited 
by carbon monoxide could not be reactivated by light. According to Pincussen 
and Hammerich this ensyme is destroyed also by the rays of the quarta mer- 
cury arc, the loss of activity being almost proportional to the light intensity. Aside 
from the fact that the greatest destruction occurs in acid solution, the pH has 
relatively little influence upon the process. 

An enzyme of the liver which oxidizes ethyl alcohol is also inactivated by ultra- 
violet light.^®® Keilin believes the indophenol oxidase system of yeast cells 
which has been impaired by combination with carbon monoxide may be regener- 
ated by the dissociating action of light 

The xanthine oxidase obtainable from milk may be inactivated by sunlight, 
ultraviolet light or radium, according to Toyama.^®® Its absorption band has a 
maximum at 2790A ; this is shifted toward greater wave-lengths in an alkaline 
medium.^®® 

The action of a specific dehydrogenase in decolorizing methylene blue in the 
presence of alcohol as the hydrogen donor in an evacuated Thunberg tube may be 
accelerated by irradiation with a quartz mercury lamp.^'^® According to von Euler 
and Klussmann,^^^ this is not due to a rise in temperature, to a photochemical 
action on the dye alone, or to photooxidation of the yeast extract. The effect is 
absent if a succino-dehydrogenase or liver extract system is used, but the effect is 
observed when apozymase and cozymase are used instead of yeast, von Euler, Hell- 
strom and Brandt believe that the reduction of methylene blue in a dehydrase- 
alcohol system is accelerated by red light. A photoreduction of methylene blue like- 
wise takes place in the absence of enzymes in the presence of alcohol as the hydrogen 
donor. The number of reduced dye molecules varied from one to 6000 to one to 
35 quanta under various conditions with red and with ultraviolet light. At pH 5.1, 
the reduction is one hundred times as fast as at pH 7. The reduction is acceler- 
ated by ferrous ions. The irradiated dye fluoresces ; a single band appears at 6780 
to 6800A. 

The dehydrogenase of beef liver represents a complex system in which, besides 
glucose and the enzyme itself, there are also present a coenzyme and a flavin- 
enzyme. Adler and von Euler found that green and blue light did not affect 
the reaction velocity, but a red filter (675 to 645 m/i), which corresponds to the 
absorption maximum of methylene blue, was effective in activating the system. 
This means that the photoactivation occurs upon the dye. Illumination of the com- 
plete system with visible light doubles the reaction velocity. In the absence of 
flavin, the reaction proceeds normally if light is supplied, so that the flavin does 
not participate in the light activity. Inhibition by copper occurs in light or dark- 
ness and in the presence or absence of flavin, so that it must represent a direct 
effect upon the dehydrogenating enzyme. That cozymase is an indispensable com- 
ponent of the system shows it to be functionally interdependent with dehydrogenase. 
When a constant light intensity is used, the speed of inactivation decreases with 

Pincussen, L., and Hammerich, T., Biochem. Z,, 241, 384 (1931). 
i®®Mi2usawa, H,, /. Biochem. Japan, 18, 243 (1933); Chem, Ahs,, 28, 794 (1934). 

Keilin, D., Nature, 119, 670 (1927). 

^“Toyama, J., Fukuoka-lhwadai CakuZasshi, 26, 1483 (1933); Chem. Abs., 28, 7279 (1936). 

R., /, Biochem. Japan. 22, 139 (1935); Chem. Ahs.. 29, 8025 (1935). 

Krestownikoff, A. N., Skand. Arch. Physiol.. 52, 199 (1927); Brit. Chem. Abs., A, 445 (1928). 
i^^von Euler, H., and Klussmann, E., Naturwtss., 22, 777 (1934); von Euler, H.. Arkiv Kemi Min- 
erqj GaaU, UB, 45 (1934). 

®**yon Euler, H., Heilstrdm, H., and Brandt, K., Naturwiss., 23, 486 (1935). 
iw Adler, E., and von Euler, H., Z. physiol. Chem.. 232, 6, 10, 16 (1935). 
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mcreasing cozymase conccntraticm.^'^^ Cozyinase diffefs from the coenzymc of the 
Warburg dehydrogenase in that the former but not the latter can be destroyed in 
solutions as concentrated as one mg. per cc. 

Junghagen finds the dehydrogenases of pyruvic and glytierophosphoric acids 
to be rapidly destroyed by ultraviolet light. In the range between pH 6 and 8, 
succinodehydrogenase is also injured by ultraviolet light, but the destruction is not 
so rapid in acid solutions.^^® Exposure to ordinary light for an hour also causes 
injury, but exposure for only half an hour merely stimulates the activity of the 
enzyme. 

Warburg made extensive use of irradiation and spectrographic methods in 
his investigations of his new hemin-containing respiratory enzyme. 

He found its compound with carbon monoxide to be dissociable by light; and, by 
quantitative determinations of the intensities of various wave-lengths requir^ to produce 
a given amount of destruction, determined the absorption spectrum of the carbon monoxide 
compound of the enzyme/’® Irradiation of yeast cells with equal intensities of mono- 
chromatic light of various wave-lengths caused an increase in the rate of respiration of 
the cells. By plotting this effect against the wave-lengths, he obtained a curve of the 
absorption of fight by the hemin of the enzyme. The spectrum of the respiratory 
enzyme so obtained is similar in shape to the absorption curve of the carbon monoxide 
compound of reduced hemin. The maximum of the latter curve is, however, at 408 m/*, 
and that of the respiratory enzyme is at 436 m^. This discrepancy is accounted for by 
the assumption that the respiratory enzyme exists in the solid state adsorbed on the 
surface of the cells. 

In the course of these investigations the absorption spectra of carbon monoxide, iron 
carlx)nyl, pyridine-hemin, and the compound of carbon monoxide and ferro^steine were 
examined These comparative absorption spectra show not merely that the iron carbonyl 
group is a part of the respiratory enzyme but also that it is attached to a hemin-like 
molecule The absorption curve for the carbon monoxide-ferrocysteine compound is 
quite different.’’® Warl)urg, Negelein and Oiristian found carbon monoxide-bemoglobin 
in carbylamine solutions to be the most light-sensitive carbon monoxide-iron-porphyrin 
compound then known. 

In tissue sections, a blue fluorescence in Wood^s light due to proteins pives way on 
continued irradiation to a red fluorescence characteristic of free porphyrin liberated from 
any complexes present by photolysis.’*’ 

A respiratory enzyme derived from the retina has an absorption spectrum identical 
with tliat of the enzyme derived from yeast.’*® The respiratory enzyme differs from 
cytochrome. A new yellow oxidation enzyme is also obtainable from bottom yeast.®** 
Tts absorption spectrum has three hands, two of which, at 465 and 495 m/t*, are in the 
long wave-length range.’** The enzyme has an active group, a reversible yellow pigment, 
hound to a colloidal protein carrier. The active group can he split from the protein by 
aqueous methanol. It fluoresces green and is catalytically inactive, but the light absorp- 
tion in the visible range is almost unchanged It has two hands in the ultraviolet at 
2700 and 3500 A. and also one at 4450 A.’"" When irradiated in dilute alkaline solution, 

von Euler, H., and Schlenk. Arkiv Kcmi, Mineral Gcol., 12B, No. 19 (1936'), 

TunB'hag:en, S., Skand. Arch Physiol, 54, 115 (1928); Chrm. Abs., 22, 4549 (1928). 

“PincuRsen, L., and Eoman, W., Biochem. Z, 229, 281 (1930). 

ITT WarhurR-, O, HatunvUs , 16, 345 (1928); Warburp, O., and Negelein, E., Naturwiss,, 16, 856 
(1928); Biochem. Z., 202, 202 (1928). 

^'"Warburp, O, and Negelein, E., Biochem. Z., 214, 64 (1929). 

also Cremer, W., Biochem. Z., 194, 231 (1928); Krebs, H. A., Ibid., 193, 347 (1928). For 
the splitting by light of the carbon monoxide-fcrroglutathione compound, see Kubowitz, F., Biochem. 
Z., 282, 277 (1934^ 

^Warburg, O, Negelein, E., and Christian, W., Biochem. Z, 214, 26 (1929), 

Thomas, J.. Compt. rend, see, biol., 125, 386 (1937); Chem. Abs., 31, 6681 (1937). 

Warburg, O., and Negelein, E., Biochem. Z., 214, 101 (1929). 

^8* Warburg, 0., and Christian. W., Biochem. Z„ 254, 438 (1932). 

IS4 Warburg, O., and Christian, W., Naturrviss., 30, 980 (1932); Kubowitz, F., and Haas, E., Bio- 
chem. Z., 255, 247 (1932). 

^Biochem. Z., 258, 496 (1933); 363, 228 (1933); 366, 377(1933). 
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the active component, after acidification, becomes soluble in chloroform. It yields a 
crystalline derivative, G»Hi»N 408 , from which it is possible to obtain urea and a com- 
pound, CeHjoNaO>.^*® Theorell ^ has recently found the yellow coenzyme portion obtained 
after separation from the protein to consist of a flavine esterified with phosphoric acid 
and therefore related to the vitamin Ba of the German workers.^" 

Benard, Biancani, and Biancani ^ observed that ultraviolet light dissociates the com- 
pound of carbon monoxide with hemoglobin. 

Warburg and Christian find that the irradiation of one microgram of their 
hydrogen-transferring coenzyme in 1 cc. of water with a quartz lamp destroys its 
catalytic activity in fifteen minutes. In a glass tube or with a solution a thousand 
times as concentrated, there is no measurable destruction in this time. The time 
required for the half destruction by an intensity of one calorie per scjuare meter 
per minute (calculated from data obtained at other intensities) increases with 
the wave-length. It is 520 times as large at 2830 A as at 1860 A. From an analysis 
of the data, the conclusion is drawn that not all of the light absorbed, but only that 
absorbed by a special group in the coenzyme, brings about its destruction. 

The work on the relation of ultraviolet light to the respiratory enzymes has 
been extensively reviewed by Wynd and Reynolds. 

Hormones 

Kiinster claims that the actions of various plant hormones are materially 
affected by irradiation. 

The effects of ultraviolet light on insulin have l)een discussed in connection with 
the proteins. Adrenaline, according to Keescr,^^'*'^ is activated by red and green 
light and inhibited by blue light. Pennetti states that, in the presence of eosin, 
adrenalin may be inactivated by sunlight. Some protective power is exerted 
against this action by pyrogallol, liydroquinone and resorcinol, but not by gelatin, 
egg albumin, Witte's peptone or glucose. Absorption data for adrenaline and 
ephedrine have been given by Marchlewski and Skarzynski,^®*’^ who find that the 
stereoisomers of these products ha^e identical absorption spectra. 

The rate of oxidation of commercial adrenaline solutions with hydrogen perox- 
ide and in light is independent of the pH, but in pure solutions of the hydrochloride 
an increase in rate with increase in pH can be observed. The intensity of the 
photooxidation depends on the intensity and wave-lengths of the light employed; 
irradiation with ultraviolet light alone is said to cause less change than when both 
visible and invisible rays are used."*®® 

Ephedrine .solutions are unstable in sunlight, ben/alephedrine being one of the 

See also Warburg, O., and Haas, E., Naturwiss,, 22, 20 (1934). 

w Theorell, H., Biochem Z., 278, 263 (1935). 

(Set Chapter 42.) 

Benard, H., Biancani, E., and Biancani, H., Compt. rend. soc. hioL, 92, 1031 (1925); Chetn Abs., 
19, 3278 (1925). 

’"•Warburg, O., and Christian, W., Btorhem. Z , 282, 221 (193 5). 

MO Wynd, F. L.. and Reynolds, E. S., Ann. Mo. Botan. Gardens, 22, 771 (1935). 

’w It has been proposed to treat glands of internal secretion with ultraviolet light in order to render 
them or their extracts increasingly active. Eichelbaum G., and Altenburg, T., British P. 275,183, June 
21, 1927; Bnf. Chem. Abs., B, 874 (1928) 

’w^Kustner, H., Deut. Med. Wochschr., 58, 625 (19.32); Chem. Abs , 26, 4831 (1932). 

M8 Keeser, E., Arch. exp. Path. Pharmakol., 166, 624 (1932). 

Mi Pennetti, G., Arch. set. biol., 9, 398 (1927); Chem Abs, 21, 3678 (1927). 

MB Marchlewski, L., and Skarzynski, B., Bull, intern, acad. Polonaise, A, 241 (1929); Chem. Abs., 
34, 873 (1930). 

M«Vacek, T., Compt. rend soc biol., 109, 583 (1929); Chem. Abs., 25, 1330 (1931). 

iw Moore, E. E., and Mooie, M. B., Ind. Eng. Chem., 23, 21 (1931). 
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chief decomposition products.^®^ It was claimed by Terata and Ito that adi'ena- 
lin gains in potency (depression of intestinal motility, simulation of uterus and 
vasoconstrictor action) after ultraviolet irradiation or after artificial light treat- 
ment. Ten "‘sunlight units/' however, decreased its action. Verda, Kneer and 
Burge 1®® find 1 : 15,000 solutions to lose their pressor effect after quartz lamp 
treatment. Haddock states that the effects are not marked and involve mainly 
racemization and slight oxidation. Ewing finds the physiological activity of 
adrenalin solutions to be completely destroyed by exposure to ultraviolet light. 
The decomposition products, which have no pressor action, are similar to those 
formed by the action of hydrogen peroxide. The activity of solutions of synephrine 
salts and of />-'hydroxyphenylpropanolamine is markedly increased by moderate, but 
destroyed by excessive, irradiation. The activity of solutions of synephrine base 
is not changed by irradiation.^®*^ 

Prolan is inactivated by ultraviolet rays. Ztmdek and von Euler 2®*^ believed 
the thermal stability so similar to the ultraviolet stability as to support the view 
that prolan is a catalyst of enzymic nature. The absorption maximum for follicular 
hormones lies at 2800 to ZSSOA.^®'^ Concentrates of the oxytocic hormone of the 
pituitary glands are inactivated by ultraviolet rays.*^®^ The same is true of the 
hormones of the ovarian follicles and placenta, the destruction probably being by 
oxidation.^®® 

The Schering-Kahlbaum Co.-®’’ propose the ultraviolet irradiation of extracts 
of germinal gland hormones. 

When human thyroid gland pulp is subjected to ultraviolet irradiation, iodine 
ions scfjarate to the extent of 0.5 to 2.7 per cent of the total iodine content.^®^ 
Westra and Hunter^®® exposed finely hashed non-goitrogenic cabbage in thin layers 
at 50 cm. from a mercury-vapor lamp for thirty to 120 minutes. Rabbits fed 
exclusively on this cabbage for twelve weeks did not develop goitre. 

Secretin is quickly inactivated by ultraviolet irradiation. The absorption of 
ultraviolet light is therei)y increased, probably because of the absorption of alde- 
hydes formed by an extensive decomposition of the molecule. All the nitrogen is 
freed as ammonia.-^® Although secretin is destroyed, the villikinin in extracts 
from the intestinal mucosa is not; this favors the independent nature of these 
substances. 


^Terata, B., and Ito, R, Folia Pharmacol, Japan,, 12, No, I, 74; No 2, 125 (1931), Ckcm. Abs,, 
25, 3127, 5 708 (1931); Manshu Igaku Zasshi, 26, 619, 863 (1937); Chem. Abs., 32, 8453 (1938). 

Verda, D. J., Kneer, L., and Burge, W. E., 7. Pharmacol., 42, 383 (1931); Chem Abs., 25, 5935 
(1931). Sec also Ewing, P. L., BUckensdoi fer, P,, and McGuigan, H, J. Pharmacol., 43, 125 (1931); 
Chem. Abs., 26, 1004 (1932). 

Haddock, L. A., Quart. J. Pharm. Pharmacol., 6, 496 (1933); Chem Abs., 28, 1137 (1936). 
Ewing, P. L., J. Lab. Clin, Med., 20, 16 (1934); Chem. Abs., 29, 2233 (1935). 

^ See also Higgins, J. A , Ewing, P. L., and McGuigan, H. A., J. Pharmacol , 44, 353 (1932); Chem. 
Abs, 26, 3302 (1932). 

«« Zondek, B., and von Euler, H., Skand. Arch. PhystoL, 68, 232 (1934); Chem. Abs., 28, 4085 (1934). 
«><Slotta. K, H.. Ruschig, H., and Fcls, E., Ber., 67B, 1270 (1934); Fernholz, E, Ibid., 1855; 
Butenandt, A., and Schmidt, J., Ibid., 2088; von Euler, H., and Brandt, K., Arkiv Kcmi, Mineral 
Geol., IIB, 51 (1935); Naturwiss., 23, 544 (1935); Chevallier, A., Cornil, L., and Verdollin, J., Bull. 
Acad. Med., 114, 171 (1935); Chem. Abs., 29, 8088 (1935), Bugyi, B., Z. ges. exptl. Mel, 101, 
14 (1937). 

»»Da8, N., and Guha, B. C., Indian I. Med. Research, 21, 765 (1934); Chem. Abs., 29, 1150 (1935). 

Allen, E.. and Ellis, M. M., /. Am. Med. Assoc., 85, 94 (1925). 

’•‘^British P. 295,361, Aug. 8, 1927, to Sdiering-Kahlbautn Co.; Bnt, Chem Abs., B, 37 (1930). 
“»*Lieben, F., and Kraus, H., Btochem Z., 236, 182 (1931). 

** Westra, J. J,, and Hunter, V, Proc. Soc, Exp. Biol. Med, 30, 1157 (1933); Chem. Abs., 28, 
814 (1934). 

*^«Agren, G., Skand. Arch. Physiol., 70, 10 (1934); Chem. Abs., 29, 1475 (1935), 

«iLudany. G., Bmhem. Z., 285, 192 (1936). 
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Irradiation of an alkaline extract of the pigment hormone of the posterior lobe 
of the hypophysis does not affect its ability to cause on injection a temperature 
decrease and a blood sug:ar increase.^^^ 


Products of Pathological Significance 

The toxin, ricin, could not be destroyed by ultraviolet light of wave-lengths 
2250 to 2S40A in experiments by Carmichael.^^® 

Irradiation of tetanus toxin destroys its toxic but not its antigenic powers 
The toxicity of diphtheria toxin is also destroyed.^^® Irradiation for 48 hours 
causes a marked change in the absorption curve.^^® 

Tuberculin. High dilutions of tuberculin are markedly inactivated by 
intense exposures to the quartz lamp.^^^ The inactivity of light of short wave- 
lengths on concentrated ^‘old tuberculin” was considered to be due to the lack of 
penetration of these rays. In weaker solutions, the activity on intracutaneous 
injection is diminished but the general reacting power is retained. The thera- 
peutic use of light-treated tuberculin is recommended therefore as obviating the 
painful cutaneous reactions. This preparation is called ultratuberculin. 

After irradiation, the ^‘old tuberculin” solutions were incapable of causing intra- 
cutaneous reactions in tulK'rculosis guinea pigs and in suitable doses did not kill 
tuberculous guinea pigs.^i* This is in distinction to the results obtained in man, 
where rayed tuberculin produced both focal and general reactions. This difference 
is explained by assuming either that unchanged tuberculin is still present after 
irradiation or that the reactions in man are of a non-specific nature. 

During irradiation of tuberculin, the pH of the solutions shifted toward the 
acid side and the surface tension increased, according to Mikhailovski.^^® Spiegel- 
Adolf and Seibert measured the ultraviolet absorption spectra of highly purified 
tuberculin preparations made from various organisms. Considerable variations in 
absorption were observed. All preparations made from human type bacilli by pre- 
cipitation with trichloroacetic acid contained a substance showing selective absorp- 
tion with a maximum at 2650 to 2670A, spectrographically identical with nucleic 
acid. Nevertheless, the content of nucleic acid as measured by the absorption band 
could not be correlated with the biological activity of the preparations, since some 
in which the absorption band was missing were still biologically active. When 
preparations in 0.1 -per cent and 1-per cent concentrations were irradiated in a 
quartz-covered dish for six to ten hours at 15 cm. from a quartz mercury arc, the 
absorption band disappeared and the toxicity, as measured by the intradermal test 
and the lethal action on tuberculous guinea pigs, was lost. Thus, although nucleic 
acid does not appear to be identical with the potent principle of tuberculin, there 
seems nevertheless some sort of association between it and the potent principle. 


A.. Z. ges. exptl, Med., 97, 207 (1935). 

“•Carmichael, E. B., /, Pharmacol. Exp. Therap., 35, 193 (1929). 

“•Hegrail, E., and Welch, H., Proc. Soc. Biol. Med,, 28, 494 (1931). 

“•Nakayama, Y., Japan, J. Mikrobiol. Path., 27, 990 (1933): Chem. Abs., 27, 4581 (1933); Lowcii' 
•tein, Vienna Z. Path. Therap., 15, 279 (1914); Chem. Abs., 4, 653 (1915). 

“•Levaditi, C., Loxseau, CL, Paic, M., Philippe, M.. and Haber, P., Compt. rend. soc. bioL. 116, 609 
(1934); Chem. Abs., 28, 5846 (1934). For further absorption data, see Ottensooser, F., Krupski, A., 
and Almasy. F.. Wadsworth, A., Crowe, M. OX., and Smith, L. A., 

Brtt. J, Exptl. Path,, 16, 201 (1935). Frona the absorption data, the presence of a hemochromo^en is 
indicated. 

“^Hau^ann, W., Neumann, W., and Schuberth, K., Z. Tuberk., 46, 32 (1926); Chem. Abs., 21, 
(1927); Z. Tuberk., 47, 113 (1927); Chem. Abs., 22, 985 (1928), 

“•Fischer, A., and Hausmann, W., Z. Tuberk., 58. 328 (1930); Chem. Abs., 26, 511 (1932). 

Mikhailovski, S. M., Zhur, Exp. Biol. Med,, 9 , 12 (1928); Chem. Abs., 22, 2760 (1928). 

*» Spiegel-Adolf, and Seibert, F. B., /, Biol, Chem., 106, 373 (1934). 
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The action of cobra venom on red blood cells is completely destroyed by irradi- 
ating: it in a dilution of 1 to 2000 in quartz with 72 times kn erythema dose of the 
radiations from a mercury arc at a distance of half a meter.^^ At the same time 
the toxicity of the venom toward white mice was destroyed or greatly reduced* 
The possibility of using such attenuated venom in prophylactic treatments is 
suggested. 

Arthus and Collins found also that the toxins of Crotalus terri ficus, Lachesis 
lanceolatus, Vipera Russellii, and Naja tripudians are decomposed by ultraviolet 
irradiation. The ability of cobra venom to inhibit coagulation was sometimes $o 
changed as to cause a slight acceleration of coagulation. Snake venom could be 
protected from the effects of irradiation by egg-white, horse serum or Witte's pep- 
tone, Anticobra, antidaboia and antibothrops sera were little affected by irradia- 
tion unless diluted. Arthus later stated that in the presence of gelatin, the 
effect of the treatment was to destroy both the toxicity and the antigenic power of 
cobra venom. Macht and Davis ^Iso found ultraviolet rays to produce a rapid 
decrease in the potency of snake venom. 

Serum “kallicrein” bound by gland activator is destroyed by ultraviolet light, 
the rate being largely independent of the 

The flocculation characteristics of diphtheria toxoid are not changed after two 
to three hours of exposure to unfiltered mercury arc radiations, but the flocculating 
ability of the toxins decreased gradually. Their toxicity decreased about 30 per 
cent The antiserums lost their flocculating power and not more than 30 per cent 
of their antitoxic power, although their behavior as regards precipitation by sodium 
sulfate was not affected.^^® 


Much, Pcetnoller and Haim, MUnch. Med. Wochschr,^ 74, 1365; Chem Abs., 22, 4641 (1928). 

*« Arthus, M., and Collins, H., Arch. Intern, Physiol,, 30, 250 (1928); Chem, Abs,, 24, 2172 (1930); 
Brit. Chem, Abs., A, 1024 (1929). 

““Arthus, M., Compt. rend. soc. hiol., 103, 130 (1930); Chem. Abs., 25, 135 (1931). 

Macht, D. L, and Davis, M. E., Proc. Soc. Esfptl. Biol. Med., 30, 990 (1933); note also FuP 
chjgnoni, E., Boll. soc. iial. biol. sper., 11, 429 (1936) ; Kopaczewski, W., Compt, rend. soc. bioL, 80, 
884 (1917). 


““Werle, E., Biochem. Z., 287, 235 (1936); Chem. Abs,, 31, 149 (1931). 

““Modern, F,, Rev. inst. bacterial, dept. nacl. hig. (Buenos Aires), 7, 618 (1936); Chem. Abs., 31, 
2622 (1931). 



Chapter 35 

The Lethal Action of Ultraviolet Rays and 
Sterilization 

It has been known for over a half a century that ultraviolet rays are capable 
of killing bacteria and molds, but it is only in comparatively recent times that 
attempts have been made to utilize these results for the practical sterilization of 
foods, drugs, water and air. The method has, however, definite limitations and at 
present its use is becoming more and more restricted to surface sterilization of 
foods, the treatment of relatively expensive materials such as certain pharma- 
ceutical preparations and the irradiation of air in operating rooms and hospital 
corridors. Studies of the mechanism of the lethal action are important in that they 
offer a method of attack on some unsolved problems of physiology and pathology. 

Early History 

As early as 1877, Downes and Blunt ^ discovered the bactericidal action of light on 
a mixture of organisms encountered in putrefying substances. They showed that rays 
of short wave-lengths are responsible for the lethal effects, and that these rays are 
capable of sterilizing either moist or dry organisms. They ascribed the action to a 
direct effect upon the organisms rather than to effects upon the surrounding media. 
They were in error, however, in concluding that the presence of oxygen is essential for 
bactericidal action. This error persisted a long time, being repeated and emphasized 
by Roux in 1887,® until it was corrected by Ward in 1892.® Studies were made of the 
effect of irradiation upon a number of microorganisms by Arloiiig* and by Duclaux 
(1885). Ward showed that, although some bactericidal action is exerted by the visible 
spectrum upon the anthrax bacillus, the most intense lethal effects are due to the ultra- 
violet rays which fail to penetrate glass. Ward suggested that the carbon arc might 
be used for the disinfection of small enclosed spaces, such as railway cars. 

Other workers added a number of features of physical interest. Such features as 
the applicability of the inverse square law for the falling off of the intensity of the 
source with respect to distance, the comparative efficacy of intermittent and continuous 
irradiation, the effects of temperature and the like, attracted the attention of manv 
workers, pai'ticularly of Henri and his collaborators. The general outcome of this work 
was the realization that physical or photochemical changes were involved which were 
in some manner dependent upon the absorption of the effective radiations by the organisms. 

Ambitious attempts to replace the rather qualitative generalizations of their predeces- 
sors by a more quantitative statement of data were made by Rie and Bang in Finsen's 
laboratory. Each of these observers measured and recorded the energies to which the 
organisms were subjected in their experiments Although their work was largely con- 
fined to the visible spectrum, it indicated that the bactericidal effect increases sharply as 
the wave-lengths employed are decreased Only by the use of long exposures was any 
germicidal effect obtained by the use of light of the middle range of the visible spectrum. 
The most valuable contribution of Bie was the introduction of the use of liquid absorption 
filters to isolate particular spectral regions. 

Rang improved the technique by eliminating the heating infrared rays, and extended 
the measurements into the ultraviolet by the use of quartz. A hanging drop of the 

1 Downes. A., and Blunt, T. P,, Proc. Roy. Soc,, 26, 4fi8 (1877). 

*Roux, E., Ann. Inst, Pasteur, 1, 445 (1887). 

•Ward, H. M., Proe. Roy. Soc,, 52, 393 (1893); 53, 23 (1893); 54, 4 7 2 (1893). 

•Arloing, S., Cotnpt. rend., 100, 378 (1885); 101, 511 (1886). 
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bacterial suspension on the lower surface of a quartz plate was exposed to radiations 
passing through the quartz. The plate formed the lid of a ^mall quartz chamber, the 
temperature of whicli was maintained constant by a thermostatically controlled water 
jacket. Some of the observations indicated not only that the killing may be very rapid 
when ultraviolet light is employed, but also that the age of the organism and the 
temperature at which the irradiation is conducted exert an influence on the results. For 
example, at 30* C., a culture of B, prodigiosus three hours old was killed in 60 seconds, 
but a culture ten to fifteen hours old required 210 seconds. At 45 *C., a three-hour culture 
was killed in fifteen seconds. This indicated that the reaction underlying the lethal 
mechanism possesses a positive temperature coefficient.® 

Bang^ also presented a curve for the relative effectiveness of various wave-lengths, 
consideration of which is reserved for a later section. 

In 1903, Bernard and Morgan, working in MacFayden’s laboratory at the Lister 
Institute, made a series of experiments which indicated that^ the bactericidal action is 
practically confined to the region between 3290 and 2265 A. By means of a quartz 
spectrograph, the spectrum of a carbon arc was thrown upon an agar plate superficially 
inoculated with a culture of B, coli communis. After a definite time the plate was 
incubated. Only that part of the surface which had been exposed to the rays from 3287 
to 2265A showed any sign ot bactericidal action. Later workers refining on the tech- 
nique have fixed tiiese limits somewhat differently. Bernard and Morgan foimd also 
that the cadmium and the iron arcs were more efficient than the carbon arc 

The active rays were completely arrested by thin films of agar media. The reader is 
reminded that an agar medium is not a simple gel of agar agar, but contains added pro- 
teins and sometimes sugar. These added foodstuffs exert a considerable filtering action. 
Similar results with a thin membrane of human epidermis stretched as a filter showed 
that it could not be hoped to .sterilize pathogenic organisms located beneatli the surface 
of the skin. 

BArrKKicinAL Spectral Region.s According to Earlier Observers 

The majority of workers have found the region of bactericidal activity to He 
between the wave-lengths 2%0 and 21 GOA. Thus Nevveomber® working wdth the 
bacillus of typhoid fever, gives the effective limits as 2800 to 2100A with no action 
at 2970A. Browning and Russ, using agar ® surface cultures, a tungsten lamp, 
and a quartz spectrometer, reported 2960 to 2900A as bactericidal rays, with a 
maximum action at 2800 to 2540A. Cernovodeanu and Henri^^ u.sing a Cooper- 
Idewitt lamp and bacterial emulsions, found a maximum at about 2800A ; Mash- 
inio,^^ using agar surface cultures and a quartz spectrometer, found the bactericidal 
range to be from 2950 to 1860A with a maximum at 2750A. Baync-Jones and 
von der Lingen give 3500 to 1856A. Bang,^-*^ using a carbon arc at 30 amperes, 
found the maximum action to be produced by the wave-length 2500 A. 

The differences reported may be caused by variations in technique, especially 
the following : surface cultures can be killed by rays of less penetration, that is, of 
longer wave-length, than are needed for enniisions. This effect is reversed when 
the emulsion is agitated during irradiation. Arcs between different electrodes vary 
in their spectral energy distributions. Temperature and hydrogen ion concen- 
tration may affect the results. 

** See also Thiele, H, and Wolf, K., Arch. Hyg , 60, 29; Chem. Abs , 1, 1029, (1907), Contra: 
Cernovodeanu, P., and Henri, V , Compt rend., 1»0, 52, 549 (1910) 

* Bang, S., Mitictlungcn aus Fmsen's Mcdi^ins Lysinstitut, 9, 164 (1905). 

’ Bertuard, J. E., and Morgan, H., Brit Med. J., Nov. 14, 1903, Proc Rov Sor., 72, 126 (1903). 

»Ncwcomber, H. S., /. Exp. Med., 26, 841 (1917). 

•Browning, C. H., and Russ, S,, P*oc Roy. Soc., 110, 33 (1917). 

^•Cernovodeanu, P., and Henri, V., Compt. rend., 150, 52 (1910). 

^‘Mashimo, T., Metn. Coll. Sa Kyoto, 4, 1 (1919); J. ScL, 161A (1921); Chem. Abs., 15, 1146 
(1921). 

Bayne*Joncs, S., and von der Lingen, J. S., Bull. Johns Hopkins Hosp., 34, 11 (1923); r/. Bovie, 

w. T., Bot. Gat., «1, 1 (1916). 

‘’* Bang. S., cited by Henri, V., Compt. rend., 155, 315 (1912). 
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On the other hand Bazzom reported that the Ml radiation from light source 
emitting wave-lengths shorter than 2500A will kill bacteria, but that isolate 
radiations between the limits of 2500 and 2800A will not affect bacteria in a dro 
of water in an exposure of an hour. He states further that several hours’ exposur 
is needed to kill bacteria with rays of wave-lengths between 2200 and 2250A eve 
when their intensity is the same as that of the rapidly destructive total radiatio' 
of the same source. These findings are in contradiction with those of many subse 
quent workers who found bactericidal action even in narrow bands sharply isolate 
by a quartz spectrometer. 

Since little was known regarding the distribution of intensities in the lines c 
the tungsten arc employed by Browning and Russ, Burger repeated the experi 
ment, using a mercury arc as the light source, and was able to demonstrate som 
correlation between the intensities of the lines within the lethal region and thei 
relative killing effects. 

In order to determine the practicability of exposing fruit to ultraviolet rays r 
order to destroy mold spores, Coblentz and Fulton at the Bureau of Standards con 
ducted an investigation of the effects of various wave-length regions upon culture 
of Staphylococcus aureus. In commenting upon the culture spectrogram of Brown 
and Russ (see Figure 132), they stated that the sharp termination of the germicide 
action in the short wave-length region may have been due to absorption of thes 
rays in the instrument employed. 


Ultra-Violet Region or Spectrum > 

! \ \ WaVC- 

G«tBM ' , LKn»«rH 

3800 29fl0 2480 22^ A.U. 



Figure 132. Plate of Bacteria Exposed by Spectrograph by Browning and Russ. 

Coblentz and Fulton were unable to detect any effect on growth produced h 
irradiating agar before seeding it with the cultures, unless very high light inten 
sides were used. The absorption spectrum of the bacterial emulsion extended fron 
2960 to 2 100 A and coincided with the spectral range of germicidal action. Sligh 
differences in the wave-lengths effective for killing different organisms were found 
Thus for B, colt, the range for lethal effects extended from 2960 to 2200 A am 
for B. typhosus from 3000 to 2100A, and for Staphylococcus aureus the range o 
greatest germicidal action extended from 2960 to 2380 A. It may be noted that ii 
the experiments of Baynes- Jones and van dcr Lingen in which the long wave 
length threshold was found at 3500A, the cultures were exposed to the sun fo 
three hours. Coblentz and Fulton employed a series of mica screens of variou 
thicknesses for isolating particular regions, the mica having a maximum absorptioi 
near 2600A. They found germicidal action even at 3650A, but very prolonge* 
exposures were required when wave-lengths between 2970 and 3650A were used 

^ Baztotii, C. B., Am, J. Public Health, 4, 975 (1914). 

3* Burger, G., Bullj Basic ScL Research, 2, 46 (1928). 
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Tbe lethal action of rays shorter than 2800A was at least ten times more rapid 
than that of those longer than 30S0A, in spite of the mu<3i lower intensity of the 
shorter rays* Intermittent exposure had the same effect as continuous exposure 
for the same total time of exposure, that is, the action is cumulative* These authors 
estimated the pitrgy between 1700 and 2800A required to kill a single bacterium 
to be of the order of 19xl0*^^2 watt.^® 

Interpretations of the Lethal Mechanism 

Bedford attempted to revive an earlier theory of an indirect lethal mechanism 
in which it was assitmed that the organisms are killed by the action of hydrogen 
peroxide formed by the ultraviolet rays. Such a mechanism would require a wave- 
length dependence similar to that for the production of hydrogen peroxide, which 
differs from the results described in the preceding paragraphs. Furthermore, such a 
mechanism is inadequate to account for the observed facts (described in a subsequent 
paragraph) regarding the relative efficiencies of various wave-lengths operating at 
the same intensity. Moore and Webster attributed the germicidal power of 
sunlight to the production of formaldehyde. 

Proks claimed that irradiation of the culture medium previous to inoculation 
lessens its ability to support growth. It may be recalled that Coblentz and Fulton 
had observed a similar result after prolonged irradiation of agar. Blank and 
Arnold state that radiations of 2537A change agar or agar- water gels so that 
they no longer support the growth of B. subtilts. There is formed a nonvolatile, 
thermostable material capable of diffusing through the gel. A similar inhibiting 
effect results from the addition to the medium of an irradiated solution of a carbo- 
hydrate, In confirming these results, Baumgartner notes that irradiation of 
carbohydrates is accompanied by a marked production of acid, approximately half 
of which is formic. Neutralization restores tlie ability of the medium td support 
j^rowth. Further confirmation is reported by Pratt.^^ Calabek^^ believed that the 
llohensonne lamp, as well as natural solar rays, lowers the swelling capacity of 
agar disks to an extent dependent upon the time of irradiation. The maximum 
decrease was achieved after an illumination of 146 minutes on one side of the 
disk, the subsequent swelling in water reaching only 1525 per cent instead of the 
normal 3200 per cent. The action of the radiations was practically limited to the 
extreme layers of the gel, decreasing to about zero at 0.08 mm. below the surface. 
Kersten and Dwight find that irradiation of dry agar decreases the viscosity and 
pH of the sol subsequently made. 

Such effects on the medium have, however, little to do with the mechanism by 
which organisms on the surface of a plate are killed within a few seconds of 
exposure to ultraviolet rays. In this case, it is necessary to seek for a direct 
action of the rays upon the organisms. To determine which of the chemical con- 
stituents of the organisms absorb the light in the primary process, subsequent 

Coblent*, W, W., and Fulton, H. R., Bureau of Standards Set. Papers, 19, 495, 641 (1924), 
w Bedford, T. H., Brit, J, Esrptl Path., 8, 437 (1927). 

Moore, B., and Webster, T. A., Proc. Roy. Soc., 90, 168 (191$). 

J.» tait, 13, 331 (1933); Chem, Abs., 27, 3233 (1933). To eliminate effects on the media, 
O. G. Sharp atomizes broth cultures into air where they may be irradiated. /, Bact., 35, 589 (1938), 

Blank, I, H., and Arnold, W., /. Bact, 30, 507 (1935). 

Baumgartner, J, G.. /. Bact, 32, 75 (1936). 

Pratt, E, L., /. Bad., 32, 613 (1936). 

“Calabck, J., Protoplasma, 3, 17 (1927); Chem. Abs., 22, 3896 (1928). 

»* Kersten, H. J., and Dwight. C. H., /. Phys. Chem., 41, 687 (1937). 
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workers have compared the absorption spectra of various cellular components with 
the spectral regions of greatest lethal activity.-*^ 

Following a suggestion of Henri that the abiotic power of various wave- 
lengths parallels their absorption by proteins, Harris and Hoyt^^ found that 
B. subHlis, irradiated by ultraviolet filtered through a 1-per cent tyrosine solution, 
survived exposures of forty minutes. On direct exposure, the organisms were 
killed in 150 seconds. Similar results were obtained with Staphylococcus aureus 
and B, mucosus capsttlatus. These experiments do not, however, afiford proof that 
the lethal action of ultraviolet rays is to be attributed to an effect upon the aro- 
matic amino- acids of the proteins. This work had a considerable influence on 
the opinions of biologists and for a time the effects of radiations upon the proteins 
were perhaps overemphasized. 

Jn 1914, Henri stated ^8 that the abiotic power of ultraviolet light was the 
result of photochemical action on certain molecular groupings of the protoplasm 
and, especially, the cell nucleus. In 1916, Galeotti^® showed that the reproduc- 
tivity of B. typhosus, B, paratypkosis and B. subiilis could be destroyed by less 
intense ultraviolet light without causing them to lose their motility, an indica- 
tion that the first locus of attack is upon some material associated with cell 
division. Bovie and Hughes found that exposures of Paramecium caudatum 
only one- thirteenth as long as those necessary to produce cytolysis were sufficient 
to inhibit all division. 

Some observers have described changes wrought in bacteria by non-sterili/ing 
doses of ultraviolet rays. Henri claimed to have produced two new forms from 
anthrax bacilli in this manner. Eberson believed the irradiation of certain types 
of mengingoccoci to diminish their virulence and increase their antigenic power. 
However, attention has not been devoted to any extent to this type of ultraviolet 
eff ect. 

In 1928, Gates published a brief note stating that “the reciprocal of tlie 
bactericidal energy curves matches the absorption curves for certain of the nucleo- 
proteins — cytosine, thymine and uracil — more closely than it does those for various 
aromatic acids such as tyrosine, tryptophane and phenylalanine, suggested by 
Harris and Hoyt.” That derivatives of the nucleic acids should be concerned 
agrees well with the observations that it is the reproductive function which is first 
destroyed by the action of ultraviolet rays. It must be remembered that in most 
experimental work the criterion of death based upon the counting of colonies which 
grow in media inoculated by irradiated organisms is really a criterion of the failure 
of cell division to occur at the normal rate. 

Gates employed a fpiartz monochromator to separate the wave-lengths emitted 
by a quartz mercury arc, and measured the intensity at the exit slit by means of 

O., Gen. Physiol., 13, 179, 395; 14, 315] has assumed that each cell contains one or sev- 
eral extremely sensitive molecules, the destruction or inactivation of any one of these preventing the 
multiplication of the cell. He believes that it may be necessary for more than one molecule to he 
destroyed in order that a yeast cell may be killed. In the case of the spores of the mold Botrytis 
cmerea, the number of reacting molecules is thought to be greater than one; and m the flagellate 
Calpidium. Rahn believes that two molecules must be destroyed before mobility ceases. 

^ Henri, V., Compt. rend, soc, hiol., 73, 323. 

^Harris, F. and Hoyt, H. S., Pathology, 2, 245 (1919); Chem. Abs , 13, 2384 (1919). 

^ Henri, Mmc., Compt. rend., 158, 1032 (1914). 

«»GaleoUi, G., Ann. Inst. Pasteur, 30, 49 (1916); Chem. Ahs., 10, 2358 (1916). 

*0 Bovie, W. T., and Hughes, D. M,, J. Med. Research, 23, 223 (1918). 

Henri, Mme., hlectrical Review, 74, 768 (1914). 

''^Eberson, F., J. Immunol., 5, 345 (1920); Chem. Ahs., 14, 3273 (1920). 

*» Gates, F* L., Science, 58, 479 (1928). 

4* Gates, F. L., /. Gen. Physiol., 13, 231 (1929). 
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thermopiles, A suspension of Staphylococcus aureus was flowed over an agar plate 
and exposed at the exit slit After the exposure, this was covered with another 
layer of agar and incubated. The area counted coincided with the area of the 
tliermopile junction. The energies applied were varied by altering the times of 
exposure. From a large number of experiments, smooth curves were obtained 
for the variation in the per cents of bacteria killed with variation in the logarithms 
of the available energies expressed in ergs per square millimeter.^® The curves 
were so similar as to indicate that the reaction at any one wave-length is typical 
of them all. The form of the S-shaped curves is one frequently encountered in 
experimental biology. Four conclusions were drawn from this work, 

1. No bacteria succumb in the initial period of exposure. The energy incident 
during this initial period is between 6 and 7 per cent of that required to kill all 
of the organisms. 

2. After this period, between 20 and 30 per cent of the organisms w^ere found 
to be destroyed by less energy than would be predicted from the rate of destruction 
of the remainder of the organisms. They seem to be less resistant than the rest. 

3. A considerable proportion of the remaining bacteria (about 70 or 80 per 
cent of the total number) succumb along an energy gradient that bears an exponen- 
tial relationship to the lethal effect, i.c., a straight line. In other words, the middle 
portion of the curve may be rei)roduced by the equation describing the course of a 
monomolecular reaction. 

4. In the final period there are remaining a number of organisms which are 
killed only by an excess of energy. 

The second feature discussed above is attributed to the fact that young bacteria 
are less resistant than are obler, resting organisms, a fact which had been demon- 
strated by Bang.*^® Gates was of the opinion that there was no evidence in his 
work that sublethal doses exerted any stimulating effect on the sulisequent multipli- 
cation of bacteria, although this had been claimed by Browning and Riiss.^'^ This 
may have been due to the fact that when few” bacteria survive in the middle of an 
exposed area, or when relatively few arc left at the edges where the intensity of 
the radiation falls away, the colonies they produce are always much larger than 
those in the more crowded areas of the plate. The reason for the more active 
multiplication and consequent large colonies under these circumstances Gates 
believed to be merely that the nutrient substances per colony arc not so limited, 
and also that waste products do not accumulate so rapidly. 

One point of view regarding the nature of the lethal process disregards the 
features indicative of individual differences in the resistance of the organisms and 
considers the curve evidence for a fundamental monomolecular reaction under- 
lying the process. Another point of view, to w'hich Gates inclined, regards the 
course as determined by probability consideration.s and suggests that it should be 
compared with the mortality curves of insurance statistics. The similarity of the 
middle portion of the curve to that of monomolecular reactions is ascribed to a 
coincidence in the distribution of the resistance factors. 

Gates showed that wide variations in the intensities of incident ultraviolet 
energy (from 21.6 to 5.6 ergs per sq, mm.) were not accurately compensated for by 
making the appropriate changes in the times of irradiation. Thus the Bunsen- 

Hertel, E., XZ. allgtm, Phynol., 4, 1 (1904); 5, 9S (1905)1 had made a begmuing in this type 
of work, but he had rei)orted only on the effects of six lines. Compare also IBang, S., loc. cit. 

Bang, S., Mitteilunpen aus Finsen*s LichtinsHtut, 2, 1 (1901). 

Brownifig, C. H., and Russ, S., Proc. Roy. Soc., 110, 33 (1917). 

“ Gates. F. L., /. Gen. Physiol, 13, 249 (1929). 
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Roscoe reciprocity law does not hold strictly. The deviations were most marked 
with young organisms, metaboHcally and genetically active. 

An exposure of thirty minutes at 3340 or 3660A failed to reduce the subse- 
quent formation of colonies. Although the first experiments with 3130A indicated 
some bactericidal action, in later ones in which stray reflected light was more 
rigorously excluded, even very large incident energies had no appreciable effect. 

No attempt was made to determine the short wave-length limits of lethal action. 
Weak lines at 2340, 2300 and 2250A required such long exposures that it was 
possible to establish only the middle portion of the curve of lethal action. Lyman 
showed the bactericidal effects of radiations shorter than 1860A and Bovie^^ 
extended the lower limit to 1250A by the use of a hydrogen discharge tube and 
fluorite windows. 

The lethal action has a temperature coeifleient of 1.1, in agreement with the 
observations of Baynes-Jones and van der Lingen, Gates was unable to confirm 
the results of Thiele and Wolf,^^ and of Wiesner^^ who found an increase in tem- 
perature to extend the bactericidal zone toward the longer wave-lengths. 

Variations in the pH of the medium between 4.5 and 7.5 were without influence 
on the lethal action, but at pH 9 and 10 there was a slight but definite increase 
in bacterial sensitivity. Plane-polarization of the incident ultraviolet light had no 
effect upon bactericidal action.'^^ 

Although the killing curves obtained by the use of different wave-lengths are 
similar in form, they lie at very different energy levels.**^ Thus energy required 
to kill half of the exposed organisms ranges from 3150 ergs per sq. mm. at 3020 A 
to only 88 at 2660A, The latter wave-length has been reported to be optimum for 
killing organisms, longer or shorter ones requiring more incident energy. On 
plotting against the wave-lengths as abscissae the reciprocals of the energies 
required at various wave-lengths to kill half of the organisms, the curves showed 
a maximum at 2660A, a minimum near 2400A and another maximum beyond 
2300A. A similar curve was obtained for B, coU.^^ Absorption curves of thin 
films of the organisms pressed between quartz plates were strikingly similar to the 
curves for the reciprocals of the energies required. 

Comparatively few references are available on the absorption of the materials 
of the cell nucleus. Dhere in 1906 stated that 4-methyluracil exhibits an absorp- 
tion band between 2346 and 2801 A. Since this was very similar to the absorption 
observed in the case of nucleic acid, he attributed the absorption spectrum of the 
latter to its pyrimidine and purine components. Holiday more recently reported 
quantitative data on the absorption spectra of several purines. 

Heyroth and Loofbourow gave absorption curves for a number of purines 
and pyrimidines and showed that the absorption of thymonucleic acid may be repre- 
sented as the summation of the molar extinction coefficients, at least at 2600A of 

Lyrosin, T., ‘‘Spectroscopy of the Exticme Ultraviolet/' Longmans, Green and Company, pp. 1-3, 
2nd ed., London, 1928. 

«>Bovie, W. T., Bot. Gaz., 61, 1 (1916). 

"Thiele, H., and Wolf, K., Arch. Hyg., 60, 29, Ckcm. Abs., 1, 1029 (1907), 

"Wiesncr, R., Arch. Hyg., 61, 1 (1907). 

** Bhatnagar, S. S., and Lai, R. B., iNaiure, 117, 302 (1926)] had previou‘?ly suggested as a result 
of preliminary experiments on B. typhosus and Vibrio cholerae that bacterial life is favorably affected 
by polarixed light as compared with ordinary light of equal intensity. 

** Gates, F. L., /. Con. Physiol, 14, 31 (1930). C/„ however, Hercik, F., 7. Gen. Physiol, 20, 589 
(1937). 

^For B. coll V. Henri finds the maximum bactericidal action at 2750A. Festschr, Zangger, 2, 
792 (1935); Ber. ges. Physiol, exptl Pharmakal, 86, 363; Chem, Abs., 31, 6683 (1937). 

Holiday, E. R., Biochem. J., 24, 619 (1930). 

Heyroth, F. F., and Loofbourow, J, R., 7, Am. Chem. Soc., 53, 3441 (1931); 56, 1728 (1934). 
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Figure 133. Absorption of Uracil at one gram per liter. Showing Effect of Irradiation 
with Full Ultraviolet (Ileyroth and Loofbourow, Journal American Chemical 
Society), 

adenine, guanine, cytosine and thymine. They advanced arguments for viewing 
their absorption data as supporting the hypothesis of Gates that it is energy 
absorbed by these cellular components which is concerned in the lethal mechanism.'*® 
The absorption of the typical pyrimidine, uracil, in a concentration roughly com- 
parable to that estimated as present in the cell nucleus, rises very abruptly and 
rapidly at about 2950A. This is the wave-length found by many workers to repre- 
sent the approximate lethal threshold for the rapid action of ultraviolet rays on 
bacteria. (See Figure 133.) The concentration of one gm. per liter was chosen for 
these measurements because of the following considerations. Assuming for 
tubercle bacilli a water content of 70 per cent and in the dried material a fat con- 
tent of 40 per cent, the work of Johnson and Brown, who obtained 7.7 gms. of a 


"Heyroth, F. F.. and Loofbourow. J. R.. Bull. Bask Set, RessarcK 5. 13 (1933). 
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nucleic acid from 436 gms. of dried and fat-free bacteria, would indicate the pres- 
ence of at least 0.3 per cent of this nucleic acid in the fresh organisms.'*® Assuming 
for this tuberculinic acid a molecular weight approximately that of thymonucleic 
acid, the absorbing nitrogenous bases would be at least one two-hundredth per cent 
of the weight of the fresh bacteria. A solution of one gm. per liter of any one 
of the absorbing bases would be of the same order of concentration as in the fresh 
bacteria. 
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Figure 134. Comparison of Lethal Action of Ultraviolet and Absorption of Nuclear 
Materials. (Ileyroth and Loofbourow, BulL Basic Sci, Research.) 

It is apparent that the absorption curve of these pyrimidine and purine bases in 
concentrations comparable to those found in the cell corresponds closely to the 
lethal threshold for the killing of microorganisms. As indicated by the figure, 
this long- wave absorption curve for high concentrations of the nuclear materials 
moves toward still longer wave-lengths during the irradiation of these substances 
with unfiltered ultraviolet light. This produces a filtering effect which tends to 

"‘Johnson, T. B., '4n<i Brown, E. B., /. Biol. Chem., 54, 721 (1922). 
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screen the unchangfed substances from the destructive action of the radiations. It 
is a matter of extreme interest that this occurs particularly with respect to the 
shortest wave-lengfths that may be found in the solar spectrum as available on the 
surface of the earth. 

The point of maximum absorption by most of these pyrimidine and purine 
bases and by nucleic acid itself lies near 2600 To make clear the similarity 
between the forms of these absorption curves and those of the reciprocals of the 
energies required for killing, and interpreted by Gates as the curve for the absorp- 
tion by the sensitive materials in the cells, curves have been plotted in Figure L14. 
These compare the data of Gates, of Bang and of Weinstein (for the killing of 
Paramecia) with the®^ absorption curve of nucleic acid. Both the nucleic acids 
from yeast and from thymus glands have the same type of absorption curve. 

Only in those organisms in which the nuclear material is diffused throughout 
the cell (bacteria and yeasts) or in which the nucleus is unprotected by a thick 
layer of cytoplasm should the absorption by nucleic acid be expected to play a 
predominant role in the lethal action. Proteins may play a more important role 
in the effects on cells such as tlie protozoa in which the nucleus is more adequately 
protected by a thicker surrounding layer of protoplasm. The thickness of such a 
cytoplasmic layer in many of the protozoa may exceed many times the entire 
diameter of bacteria. Indeed, in the case of such large cells there is some evidence 
to show that the optimum lethal action takes place rather closer to 2800A, the 
position of the absorption maximum of the proteins, than to 2600A, the position 
of the maximum absorption by nucleic acid. A quantitative comparison of the 
absorption of equally concentrated protein and nucleic acid solutions shows that a 
far greater proportion of the incident energy is absorbed at their respective maxima 
by the nucleic acid than by the proteins. The absorption of the proteins in this 
legion is due (see the preceding chapter), to the tyrosine, tryptophane and other 
aromatic amino- acid components. Not only are the molecular extinction coeffi- 
cients of tyrosine (approximately 2000 cm."^), and of tryptophane (5000 cm.“^) 
at 2800A lower than those found at 2600A for adenine (10,300 cm.**^), guanine 
(12,000 cin.'^), cytosine (6100 cm.“^), thymine (9000 cm."^) and uracil (9100 
cm."’^), but their proportions in the molecules of proteins (rarely over 2 per cent) 
arc much less than those of the absorbing nitrogen ring compounds in the molecules 
of nucleic acids. 

Relatively little is yet known as to the nature of the changes induced in the 
pyrimidines by the action of ultraviolet rays. The absorption spectrum changes 
during irradiation in the manner indicated in Fig. 135.®- The molecular extinction 
curve of uracil is given in the upper heavy curve (concentration of 10 mg. per 
liter). During the first few minutes of irradiation with full ultraviolet light from 
a mercury arc there is a definite rise in absorption in the region from 2200 to 
2300 A and also in tlie region of w^ave -lengths longer than 2900 A. During the 
later periods of irradiation, the absorption of the head of the band decreases. In 
the case of uracil this change occurs after fifteen minutes of exposure at 2 cm. 
from a Victor water-cooled arc. For a time the rise in absorption at both legs of 
the curve continues although the absorption at the center of the band is diminish- 
ing. After about fifteen minutes, however, the absorption between 2200 and 23(X)A 
also begins to decrease, although that of the rays of wave-length longer than 
2900A continues to increase for three hours and then decreases. If the radiation 

®*Hcyrotb, F. F., and Loofbourow, J. R., J. Am, Chem. Soc., 53, 3441 (1931), 

Weinstein. I.. J Opt, Soc. Am., 20, 4.13 (1930). 

«»Heyroth. F. F., and I.oofbourow, J. R., J. Am. Chem. Soc., 53, 3441 (1931). 
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is stilScietjtly f>foloiiged, t)ractically all selective absorption is lost, the absorbed 
energy causing photochemical changes which destroy the pyrimidines. In uie case 
of nucleic acid* an irradiation of an hour caused but negligible change^ between 
2500 to 2900A, but in the region near 2300A the extinction coefficients increased 
nearly 45 per cent The position of the minimum shifted slightly toward longer 
wave^’lengths during this period. On more prolonged irradiation the absorption 
at the head of the band decreased. 



Fioure 1.35. Effect of Ultraviolet Irradiation upon the Absorption Spectrum of Uracil. 

(Heyroth and Loofbourow, Journal American Chemical Society,) 

The mechanism underlying these changes is as yet unknown. There may he 
either a rupture of the ring with the production of diactinic products of the nature 
of urea and open-cham three-carbon compounds, or there may be a gradual satura- 
tion of the ring. Bass has shown that thymine, after twelve hours of ultraviolet 
irradiation in the presence of oxygen and ferrous salts, yields urea and pyruvic 
acid.®3 Lieben and Getreuer,^^^ state that no ammonia is liberated during the 
irradiation of uric acid, xanthine, uracil, alloxan, hydantoin and a-hydroxynico- 
tinic acid There is, however, evidence of an increase in free amino- groups 

Baa«^ L. W., J. Am. Chem. Soc., 46, 190 (1924). 

F.. jmd Getreuer. V,, Biochtm Z., 259, 1 (1933), 
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indicative of a rupture of the ring. Sodium nucleate is relatively resistant to rup- 
ture. Histidine, proline, guanine, pyridine and nicotinic acid evolve ammonia. 
In these cases the destructive effect apparently is hastened by oxygenation, but the t 
latter is not essential to the change. 

It was suggested by Heyroth and Loofbourow that the early change might 
involve the formation of a compound of the type of a-isouracil described by Tafel 
and Houseman.®^ Since the formula proposed by those workers involved the pres- 
ence of a hydroxyl group in position five, and since Johnson and Johns®® had 
concluded that the ability of pyrimidine compounds to reduce phosphotungstic acid 
in alkaline solution depends on the presence of amino- or hydroxyl groups in this 
position, Heyroth investigated the effect of irradiation upon the ability of uracil 
to reduce this reagent. It was found that irradiation of a uracil solution induces 
a photochemical change resulting in the formation of a substance or substances 
capable of reducing an arsenophosphotungstic acid solution. The rate of change 
was greatest early in the irradiation. The observation of the occurrence of this 
reaction may be of aid in the interpretation of certain findings in the physiology of 
irradiation. Clinical observations of an 80-per cent increase in the blood uric acid 
and purines have been reported by Wiener®® to occur in patients undergoing 
phototherapy. Koch and Reed ®® reported a 38-per cent increase in the blood uric 
acid of a dog during irradiation with a carbon arc for an hour and a half. The 
l)lood was irradiated while flowing through quartz tubes introduced into the circu- 
lation. These authors did not attribute the increa.sed values to the formation of 
uric acid but instead to the presence of some substance giving a similar reduction 
of the uric acid reagent (phosphottingstic acid) used for the determination of the 
so-called blood uric acid. Dillman could not obtain the increase when the blood 
was irradiated in intro. He also noted that irradiation of uric acid destroys its 
ability to reduce phosphotungstic acid. The observations on uracil suggest the 
purine or pyrimidine nucleosides of the blood as a possible source from which such 
a reducing substance might be formed during irradiation. Pincussen and Flores 
by experiments in vitro attempted to learn something of the fate of nucleins 
exposed to radiations. Specimens of nucleic acid were exposed to the rays of 
a Nitra lamp, the heat rays being removed by a water filter. Eosin and dichloro- 
anthracene were tested as sensitizing agents, and the changes in the specific rota- 
tion of the solution of nucleic acid were followed. A splitting of the acid was 
pronounced without sensitizer or in the presence of eosin, but was not detected 
in the presence of the anthracene compound. The nucleic acid-splitting enzymes 
did not appear to be increased when animals were irradiated. 

Ultraviolet photomicrographs of the chromosomes of Drosophila in various fluid 
reagents have been given by Hellstroni, Brandt and von Euler.®^ 

Peptization of cell colloids was obtained when a sharp pencil of ultraviolet light 
was passed into the niacronuclei of Paramecium caudatum, Spirostomum dmbiguum, 
and Amphileptus claparedei.^’^ Microscopic ultraviolet absorption methods have 
been employed to follow the distribution of nucleic acid in tissues during the proc- 

»Tafd, J., and Houseman, P. A.. Ber„ 40, 3743 (1907). 
w Johnson, T. B., and Johns, C. O,, J. Am, Chem. Soc„ 36. 970 (1914). 
w Heyroth. F. F., Bull. Basic Set. Research. 4, 128 (1932). 

*® Wiener, H., Klin, IVochschr., 3, 936 (1924). 

»Koch, F, C., and Reed, C. Am, J, Physiol,. 75, 351 (1925) 

« Dillman, L. M.. J, Lab. Clin. Med. 17, 44 (1931). 
tPincussen, L., and Flores, A., Biochem. Z,. 126, 86 (1921). See also Chapter 33. 

^ “HellstrSm. H., Brandt, K., and von Euler. H., Svensk Kern. Ttds,, 47, 249 (1935); Mihrockemie. 
Festschr. Hems Mclisch. 2093 (1936). 
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<5SS®s'of mitosis and glandular secretion.®^ In the large chromosomes of Steno-^ 
boihrus spermatocytes, the absorption curves correspond to those of a IS-per cent 
solution of thymonucleic acid. Chromosomes are built up of alternating nucleic 
acid segments and protein segments.®® 

Interesting observations of another type relating to the effect of ultraviolet rays 
in killing Bscherishia colt have been reported by Lisse and Tittsler.®® By the use 
of either Northrop- Kunitz or F'alk capillary electrophoresis cells, they found that 
irradiation, if of sufficient duration, produces a decrease in the negative charge of 
the organism. With the former type of cell they found some indication of an 
initial stimulative action of the ultraviolet radiations which made itself felt in an 
increase of the negative charge. This could not, however, be observed with the 
Falk capillary cell. Short irradiations which merely stimulate or injure the cells 
permit a return of the electrokinetic velocity toward its normal value, but pro- 
longed lethal irradiation produces a lasting effect. The sequence of decreasing 
electrophoretic velocities is the same as that of increasing susceptibility to aggluti- 
nation except in the case of very long or very short irradiations. The interposition 
of a Corex A filter causes a practical disappearance of this sequence of agglutin- 
abiiity. Irradiation by a carbon arc also produced lysis which was the greater the 
longer the irradiation. Irradiation produced an increase in the pH of an aqueous 
suspension of cells, the original pH of which was approximately 6.1. With 500- 
watt Mazda bulbs as the light source there was eventually a reduction of the 
charge and evidence of lysis indicated by a clearing of the suspension, but much 
longer times of irradiation were required than when ultraviolet light was used. 
Norton also suggested that the changes suffered by bacteria on exposure to ultra- 
violet rays may be accompanied or perhaps preceded by changc.s in the electrical 
charges borne by the bacteria.®® 

Gartner ®® finds the agglutinability of bacterial suspensions to be increased and 
the zone of acid agglutination widened by irradiation, although the acid zone is 
narrowed by prolonged exposures. Basic dyes agglutinate irradiated bacteria in 
lower concentrations. The pH is increased and the acid-binding power decreased. 
Agglutinability with antiserum is decrea.sed. 

Pincussen and Gutfeld studied the influence of salt solutions on the killing of 
various organisms by light. With Staphylococcus aureus, the killing effect in cal- 
cium chloride solutions was about three times that obtained m distilled water, but 
other salts, including the chlorides of sodium, potassium and magnesium, were 
witiiout this influence. Calcium chloride had a protective action on the diphtheria 
bacillus, the action of light being about four times greater in distilled water. 
Ehrismann studied the effect of various cations in inhibiting the lysis or clearing 
of suspensions of bacteria. The process is recognized by a decrease in the volume 


« Tchakhotine, S., Compt, rend,, 202, 778 (1936), 

wCaspcrson, T., Physiol, Supp^ JT, f 1936) : Bull, histol appl, physiol, path 

tech, microsco^ 14, 33 (193/): P^o^opl^a Zf. 463 (1937); Casperson, T., Hammansten, E.. and 
Hammarsten, H., Irans. taraday Soc., 31, 367 (1935). 

* Caspersem, T., PJatumnss,, 23, S27 (1935). 

Lisse, M. W., and Tittsler, R. P., Proc 6oc. hxp, Biol, Med., 28, 811 (1931) 
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of the suspended particles or by the appearance of nitrogenous compounds in the 
surrounding fluid. An accelerated decomposition of the bacterial proteins into 
amino- acids could not, however, be demonstrated. The following cations inhibit ? 
the action in the order indicated : or 

Li"^ or K'^. Also an increase in temperature, displacement of the pH to the acid 
side, the addition of formaldehyde or of mercuric chloride inhibit decomposition. 
The various bacteria studied could be arranged in a series according to their 
sensitiveness. 

Number of Quanta Per Bacterium Required for Killing. The question has 
been raised as to the number of quanta which must hit a single organism, which 
of course is itself a system containing many molecules, in order to kill it. The 
reasoning involved has been discussed by Wyckoff for killing bacteria by high- 
velocity clectronsj^ where it appeared that the absorption of a single high-voltage 
electron by a colon bacillus was sufficient to cause death. 

In the case of the killing by x-rays, Wyckoflf found that the absorption of a 
single x-ray quantum of energy sufficed to kill an organism, although only about 
one in twenty of the absorbed quanta was effective. From this he concluded that 
within the organism (here is some sensitive region the destruction of which leads 
to death, and that this sensitive “cell” must have a volume less than 6 per cent of 
the bacterium itself. 

The case is somcwliat different in the lethal action of ultraviolet rays. Wyckoff 
interpreted th<^ results of Gates on Staphylococcus aureus as indicating curves of a 
“inultiple-hit-to-kill” type. Since he believed that the tendency of this organism 
to cling together in cliains made it impossible to spread them properly, he repeated 
the experiments with the more motile B, coli. Survival-ratio curves at various 
wave-lengths when plotted on somilogarithmic paper gave straight lines, indicating 
an exponential killing rate. This might he due either to a single quantum-hit 
killing the organism or to a suitable di.strihiition of the sensitivities of the bacteria. 
The slope of these curves at all wave-lengths less than 300()A indicated an average 
number of effective absorptions per bacterium per second of somewhat less than 
0.0.3, P'rom the intensity of the energy and the volume of the bacterium, it could 
be calculated that for the 2609 A line, the radiant energy absorbed per bacterium 
per second was 0.09x10^ erg. Since each quantum at this wave-length repre- 
sents 7.25x10-1^2 erg, the total number of quanta absorbed per bacterium per second 
was calculated to be 136,000. But of these, loss than one (0.03) was effective in 
causing death. Thus only 0 03/136,000 or one in 4.19x10^ of the absorbed quanta 
was effective. Wyckoff then proceeded to multiply tbe volume of one bacterium 
(3.93x10“!^ cc.) by a fraction 0.03/136,000 and thus obtained what he con- 
sidered to be a sensitive volume, which was 9,38xl0~2o cc. As it could be calcu- 
lated that this is approximately the volume which might be occupied by an average- 
sized protein molecule, it was possible to make the suggestion, although ^ith reser- 
vations, that the lethal action depends upon an effect upon one protein molecule 
in the organism. That the explanation was unlikely was indicated by the fact 
that the millions of non-lethal quanta absorbed per bacterium did not cause any 
alteration in the growth rate. However this may be, the data indicate for the 
organism a very low quantum yield. In liquid or solid systems low quantum yields 
do not necessarily imply the existence of some unusually .sensitive substrate mole- 
cule or unit cell. Other explanations of the low quantum yield will undoubtedly 

^Wyckoff, R. W. G., J, Exp. Med., 51, 921 (1930). 

Wyckoff, R. W. G., /. Exp. Med., 52. 435, 769 (1930). 

w Wyckoff, R. W. G., /. Gen. Pkysiel., 15, 351 (1932). 
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be advanced when the photochemical reactions leading to the death of the organism 

aft better understood. , rr /• 

In general, Wyckoiif found the energies required to kill half of the organisms 
at various wave-lengths to be of the same order as those reported by Uke 

Gatos, he found that the greatest effectiveness lies at about 2652A. There 
however, aotne discrepancies between the energies found by Gates and by Wyckott, 
for which no explanation is yet apparent. It is also interesting to note that 
Wyckofif found at 3132A that the curve for survival-ratios against time could not 
be indicated on semilogarithmic paper by a straight line with the same axxuracy 
as the curves obtained at other wave-lengths. It seems possible that the mechanism 
of killing at wave-lengths longer than 2900A is different from that at the shorter 

wave-lengths. -it 

Evidence for a variation in the resistance of individual cells has occasionally 
been noted, particularly in the work of Gates previously discussed. Beaiiverie'^® 
finds that the resistance of yeast cells increases in proportion to their glycogen 
content 

Although all microscopic living forms can be killed by ultraviolet light, they 
exhibit varying degrees of resistance either inherent and specific to the organism, 
or extrinsic and due to the conditions of the irradiation. Among themselves bac- 
teria show considerable, and to some extent characteristic, variations of resistance 
from species to species. But an attempt to employ these variations for the differen- 
tiation of bacteria was unsuccessful.'^® Nogemi finds that Es. coli, streptococci 
and the cholera vibrio are killed readily and that the tubercle and anthrax bacilli 
are more resistant. In general spores are somewhat more resistant than vege- 
tative forms.*^* 

Sunlight has a deleterious action on cultures of Brucella abortus, sterilizing 
them in three hours. Ultraviolet light has a similar effect.'^® 

According to Mayer and Dworski,®® a suspension of tubercle bacilli containing 
2,750,000 organisms per cc. was killed within four minutes by the absorption of 
1.42x10* ergs per sq. cm. from unfiltered radiations of the quartz mercury arc. 
Exposure to an intensity of 5.93x10® ergs per sq. cm. per second for 25 minutes 
did not alter the acid-fast staining qualities of these organisms. When fixed by 
heat and irradiated for 5 to 25 minutes, the bacilli showed changes indicative of 
disintegration, since irregularities were observed on staining by the Ziehl-Neelsen 
method. 

Akiyama®^ claims that Es, colt, Sal typhimurium and staphylococci in salt 
solution are more resistant to ultraviolet light when sensitized with their own 
specific serums than when treated with heterologous immune serums or with normal 
serum. The bacteria treated with the globulin fraction of the specific immune 
serums are more resistant than those treated with the albumin fractions of the 
same serums. 

Bacteria killed by ultraviolet light lose a considerable part of their toxicity 
toward laboratory test animals, but completely retain tlieir antigenic and immuniz- 
ing characteristics.®^ 


«Bcauverie, J., Compt. ren4u 81 (1934). 

"Browning C. H., and Rms S “AM.ed Phy.Wogy,’- p. ISO, Oxford University Press, 19IR. 
'^Nogemi, Y., K^^asat£^ Arch. Exp. Med., 10, 135 (1933). 

WLaitcrbcrg, O., Z. Immumt&ts., 28, 3 86 (1919); Chcm. Abs., 13, 2385 (1919) 
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WAkiyama, M., Sei-ikai Med. J., 54, No. 5, 840 (1935); Chem. Abs 30 3018 fl93rO 
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Recently, Hollaender and Claus have given data on the energy required for 
the inactivation of Es. coU as a function of the wave-lengths employed. At 2250A, 
the ergs required per bacterium were 41.3x10“®; at 26S0A» 13.1x10“®; and at 
29S0A, 81.6x10“®. These values were regarded as somewhat more accurate than ^ 
those cited in preceding paragraphs since they were calculated by a method which 
corrected for the protective action of nonviable organisms. 

Lelmer®^ states that although Rhodovibrio is killed quickly by ultraviolet 
rays, Thiocystis is not killed by an exposure of an hour, and that short exposures 
accelerate growth. 

Action of Ultraviolet Rays on Yeast 

Lacasagne exposed Saccharomyces ellipsoideus to radiations of wave-lengths 
between 2800 and 3800A and found the cells to fall into three classes according to 
their susceptibility to the rays. Some died immediately, some after a certain period 
and others exhibited only a retarded rate of cell division but ultimately recovered 
their power of reproduction. Wyckoff and Luyet ®® made similar observations and 
noted the production of some giant cells. Their results tended to indicate “multi- 
ple-quantum-hit*^ relations. 

In the work of Oster carefully prepared suspensions of Satcharomyces 
cerevisae containing practically no dumps of cells were employed. Following 
irradiation, observation with a microscope revealed certain abnormalities in cell 
growth and reproduction. There was apparent a period of survival during which 
normal colonics could not be formed, after irradiation by each of the wave-lengths 
(2225 to 3132A) studied. There could be distinguished single cells of normal size 
and not visibly altered, single cells of giant size, two^ell groups usually from three 
to eight times the size of normal two-cell groups and more spherical in shape 
and often showing a long filament-Iike process constricted at intervals along the 
length, three to eight-cell groups of giants, which at this stage either cease budding 
or go on to furnish buds of normal size, and finally larger groups which, although 
retarded in their ability to form normal-sized colonies show little evidence of 
giantism. At all wave-lengths, a definite, measurable retardation in reproduction 
as based upon the criterion of culture formation could be demonstrated. The size 
of the colonies increased at a rate roughly proportional to the increase in incident 
energy. The relation between the percentage of inhibition and the incident energy 
appeared to be logarithmic over the inhibitory range. When the period of expo- 
sure was increased beyond this point, various degrees of injury occurred and 
finally all budding and growth could be stopped. As a criterion of lethal action, 
Oster adopted the inability of the yeast cell to form two or more daughter cells 
rather than merely the inhibition of macroscopic colonies. The survival-ratio is 
then the ratio of the number of cells which bud at least twice to the original numr 
her of exposed cells. For each of several wave-lengths shorter than 2900 A curves 
were plotted of the survival-ratio against the energy in ergs per sq.*mm. In the 
case of longer wave-lengths very much more incident energy was required for 
lethal effects. 

The curves revealed that for all wave-lengths studied the energy which had to be 
applied before any of the cells were killed was approximately 8 per cent of that required 

HolLtcnder, A,, and Claus, W. !>., /. Gen. PhysioL, 19, 753 (1936). 

“♦Lchner, A., Zentr. Bakt., ParasitenK (AH, 11), 97, 65 (1937); Chem, Abs., 32, 1743 (1938). 
^Lacasagne, A., Compt. rend., 190, 524 (1930). 
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w Oster, R. H., 3. Cen. Physiol., 18, 71 (1934*S). 
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ta kai all tbe cdls. Between 20 and 30 per cent of the cells do not “ 

relatively short in comparison with that required to suppress t>uaai g m 
of the cells. The remaining 70 or 80 per cent require trom 70 to 80 per ™ 

energy required to kill all the cells. The last 2 or 3 per cent of the cells are a«ected 
at a slightly lower rate. Cells irradiated with small amounts of energy show a much 
lower rate of budding with a longer initial lag period than that of the typical growth 
curve of normal cells. The age of the cells has a marked influence upon their resistance, 
from 20 to 50 per cent more energy being required to produce a given effect on a niteen- 
day culture than on 24-hour cultures. In the former, a greater proportion ot the cells 
is in the resting stage.** . , ^ . . . 

The temperature coefficient is low, about 1.06 to 1.1, in agreement with that obtained 
by Gates on bacteria. The irradiation effects are exerted directly upon the organisms 
since irradiation of the malt-agar medium for periods from five minutes to two hours 
had no effect upon the growth of organisms subsequently planted m it. hor intensity 
variations up to 30 per cent, the rate of absorption of photons by the cells did not 
markedly affect the lethal action. . , . 

Attempts to determine the absorption spectrum of yeast failed to give satisfactory 
results. However, an application of the method of Gates of plotting the reciprocals of 
the energies required to cause death in 50 per cent of the cells against the wave-lengths 
employed, gave results similar to those reported by Gates for bacteria. The necessary 
energies ranged from 457 ergs per sq. mm. at 2652A to 23,500 ergs at 3022A, or roughly 
five times the energy range for Staphylococcus aureus. 


From the individual survival -ratio curves plotted against the incident energies 
applied, Oster calculated (by a method devised by Curie, which dififers some- 
what from that employed by Wyckoff), the number of quantum-hits necessary to 
kill at various wave-lengths. The results indicated a “multiple-ijuantum hit-to-kill” 
relation, the minimum number of quantum hits varying from about four to about 
six. The shape of the curves was believed to suggest that other factors than 
single quantum hits on several molecules arc involved, as suggested by Rahn, or 
multiple-quantum hits on a sensitive volume clement, as suggested by Wyckoff 
and Luyet, 

Stimulation of Yeast There have been many attempts to show the stimulation 
of yeast growth by irradiation by ultraviolet light. Some authors believed that 
wave-lengths somewhat longer than the lethal ones have such an action. Loof- 
bourow and Cameron, who reviewed the litrralure,®^ were themselves unable to 
detect such an action, and this is the generally accej)ted conclusion. 

There have, however, been suggestions that snblethal doses of radiation in the 
lethal wave-length range may produce injuries of the cells by virtue of which 
products capable of stimulating the growth of other cells are formed. Hollaender 
and Duggar observed that cells from the 10 per cent which survived a certain 
irradiation in isotonic salt suspension by the 2650A rays increased in number when 
transferred to salt solutions (single or balanced) in which normal control cells 
died Fardon, Norris, Loofbourow and Ruddy®- claimed that substances which 
stimulate the respiration of other cells are produced in cells injured by ultraviolet 
light. Subsequently, these observers®^ devised a method for demonstrating the 
formation of growth-stimulating substances in the injured cells. The active sub- 
stances were allowed to diffuse from the injured cells through an agar gel upon 


88 For comparis^ with the eff^ts of x-rays at variojis stages of the rcprotluctive period, see 
Lacasagne, A., and Holweek, F.. Cowpt, rend sor biol , 104. 1221 (1930)- C omM rend 190 524, 
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the surface of which a fresh colony was placed. Colonies grew more rapidly on 
agar above injured cells than on agar above normal cells. 

In earlier experiments, Pulkki^^ had been unable to produce a stimulant for 
B, mycoides by irradiation of yeast cells. Abderhalden was unable to alter 
significantly the course of alcoholic fermentation due to yeast cells by the addition 
of alcoholic extracts of irradiated yeast, irradiated yeast macerated juice, or ergo- 
sterol. Woodrow, Bailey and Fulmer believed irradiation of yeast culture media 
produces a non-volatile toxic material derived from the sugar present, but Oster 
was unable to detect any toxic substance liberated by the organism during its 
irradiation. 

Suranyi and Vermes claimed to have observed an increase of about 50 per 
cent in the oxygen constmiption of yeast at pH 72 during irradiation. Oster, 
however, could delect no observable effects on oxygen consumption until more 
than 80 per cent of the organisms had been so affected that normal colonies did not 
result from their subsequent growth. 

Teindl-Czech found visible light to have no influence on the division rh)rthm 
of yeast cells. The same was true for very small exposures from an unfiltered 
Uviol lamp. Immediately after medium doses the number of cell divisions 
decreased : this was followed by a temporary rise and a new decrease. During 
irradiation the yeast appeared slightly vitreous and turbid. With strong doses, 
abnormal cell forms appeared. Irradiation by the region between 2300 and 4000A 
in the absence of oxygen may be used to secure yeast cells of uniform potency.^® 

Fermentation. Zeller found sunlight to inhibit the output of carbon dioxide 
from yeast after a temporary slight stimulation. Guerrini inoculated yeast into 
5-per cent glucose solutions and incubated the cultures in darkness, in daylight and 
in light filtered through red, green, yellow and blue screens. He claimed to find 
the liberation of carbon dioxide to be greater in cultures exposed to light than 
in those in darkness. In general, the greatest quantities of carbon dioxide were 
produced in red light, tlie next greatest in yellow, then in green and the least in 
blue light. The last gave practically no carbon dioxide. Murakami found that 
in the fermentation of koji extract the production of alcohol was maximal under a 
red light of wave-length longer than 6200A, increasing in general with the wave- 
length. The maximum yield of aldehyde was obtained under wave-lengths between 
3960 and 5400A. Acetal was produced abundantly under a white light. The pro- 
duction of volatile acid was greatest in darkness and that of non-volatile acid 
greatest in violet to yellow light. The production of esters was generally higher 
under light of longer wave-lengths. There have been a number of claims that 
ultraviolet light increases the fermentative power of yeast. 

Idndner^®” found that under normal conditions 30 gms. of dextrose gave 119 cc. of 
carbon dioxide in 24 hours and under ultraviolet irradiation 2743 cc. In the same 

*** Pulkki, L. H., Ann. Acad, Sci. Fennicae, A41, No. 1 (1935); Chem. Abs., 30* 4898 (1936). 
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period*** DeFazi** claimed to have observed a stimulation of growth and fermentation 

of yeasts His investigations involved in some cases irradiation of the water used m 
dissolving tlie sugar to be fermented rather than of the yeast or fermenting mixture. 
Evpi under the former conditions, some stimulation was stated to occur. Also, such 
dahns have been made by Sanzo and Pirrone.^®® ^ . 

Owen and Mobley have reported that exposure of yeast to ultraviolet light increases 
its growth and its fermenting power. An exposure of one minute to radiations of wave- 
lengdis 2300 to 3100A gave the greatest stimulation, but an exposure of three minutes 
half die opposite effect. Since a similar stimulation could be brought about, they 
believed, by the irradiation of sterilized molasses wort, they did not attribute the stimu- 
lation to the death of harmful contaminating microorganisms. Beckwith and Donovick 
exposed a 36-hour culture of purified brewers’ yeast in a layer 1.15 cm, thick to ultra- 
violet radiations for 1.4 seconds per cc. Of the irradiated culture, 125 cc. were added 
to 1600 cc. of sterilized beer wort and incubated at 28“C. for 32 days. Alcohol formation 
was at first depressed, but from the 9th to 32nd days exceeded that in the control. 
Irradiation of the wort alone was without effect. Marmeli and Baratto find that fer- 
mentation may be accelerated by addition of small quantities of such substances as ascorbic 
acid, ^-carotene, acamnine, adenine, phytin or inosine. The effects were claimed to be 
enhanced by previous irradiation of these substances. 

Tanner found ultraviolet light to have only a depressing action on fermen- 
tation, whether the yeast, the fermenting culture or the glucose broth was the 
subject of the irradiation. According to Reynolds and Wynd,^^^ the inhibition of 
fermentation by radiations betw-een 3000 and 2500A is a specific effect independent 
of general injury to the cells. Von Euler and Swartz believed the efficacy of 
ultraviolet light in accelerating the synthesis of organic phosphoric esters during 
fermentation to be doubtful, although the inorganic phosphate is decreased. 

According to Keeser,^^® glucolysis of 0.1 -per cent glucose solution in the pres- 
ence of yeast cells was accelerated by irradiation with red light for thirty minutes, 
but white, green or blue light had little effect. Similar results were obtained with 
fructose, and also in the glucolysis of glucose or fructose by guinea pig serum. 
Irradiation of ox serum for five hours did not alter the reducing power or content 
of inorganic phosphorus of the serum, but ultraviolet irradiation increased the 
reducing power without altering the inorganic phosphorus. 

The effect of carbon monoxide in inhibiting the anaerobic fermentation of 
tetanus or gas gangrene bacilli is increased by light, according to Schlayer.^^^ 
Since only the combination of carbon monoxide with an iron compound is dissoci- 
ated by light, the fermentation enzyme of these organisms must he an iron catalyst. 
In the case of an anaerobic butyric acid fermentation process, Kempner and Kubo- 
Writz could demonstrate a similar phenomenon only at low temperatures and by 
the use of very great light intensities. Under these conditions, the fermentation 
can be completely and reversibly inhibited by carbon monoxide, light destroying the 
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v»D« FazL R., Ann. Chim. Applicata, 4, 301 (1915); 6, 221 (1916); 8, 93 (1917); Chem. Abs., 10, 
950 (1916); /, Jnd. Bng, Chem.. 13, 265 (1921); Atti R Accad. Lincei, 5, 344, 901 (1927); Brit. Ckem. 
Abs., A. 592, 1113 (1927); Chem. Abs., 21, 2045 (1927). ’ 

Sanzo. L., and Pirrone, F., Atti Accad. Lincei, 13, 613 (1931); Chem. Abs., 26, 2990 (1932). 
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27, 5470 (1933); Owen, W. L., Food Ind., 5, 252 (1933); Chem. 28, 254 (1934). 
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Marmeli, E., and Baratto, A,, Ann. chim. farm.. No. 1, 18 (1938); Chem. Abs., 32, 6269 (1938). 
110 Tanner. F. W., J. Ind. Ena. Chem., 13, 265 (1921); Chem. Gas., 75, 309 (1923); Tanner, F. W., 
and Byerley, J. R., Arch. Microbiol.. 5, 349 (1934); Chem. Abs., 28, 55^4 (19M). 
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3855 (1936). 
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inhibition. The light-sensitivity is very much smaller than in the case of the carbon 
monoxide combination with the enzyme concerned with respiration. The carbon 
monoxide compound of the enzyme concerned in the l^tyric acid fermentation 
absorbs within the special range 6500 to 3660 A. 

The action of photocatalysts in the fermentation of lactose by Es, coli is stimu- 
lating or inhibiting according to the quantity and quality of the catalyst’^^ 

Molds. Reports on molds are conflicting. Some workers state that molds 
are killed by exposure to ultraviolet light without mttch difficulty. Others report 
that molds are killed by ordinary exposure only when present in very small 
amounts. Some molds have protection in the form of fatty or waxy secretions. 
The latter may shield the mold from some radiations. 

Fulton and Coblentz exposed spores of 27 species of fungi for one minute 
to ultraviolet radiation from a mercury tungsten arc at a distance of six inches. 
There was complete killing of the spores of 16 species and a survival of less than 
1 per cent in four species. It was hoped that this process could he applied to the 
killing of molds and fungi on oranges. Such a dosage caused no injury to the 
fruit. The limitation of the method, however, lies in the fact that the rays do not 
penetrate sufficiently beneath the surface to afford complete disinfection of the 
fruit. 

Dillon-Weston finds the spores of Puccinia graminis tritici to be killed more 
easily when irradiated in water than when irradiated dry. The white and orange 
specimens of certain physiological forms of the fungus are more susceptible than 
the red and gray ones. The pigments of the spore walls probably have some pro- 
tective action. Sibilia believed that ultraviolet rays activate the germination 
of the teleutospores of P'liccinia coronifera of oats and P. triticina and to a lesser 
extent of P, graminis. 

Smith ^21 finds the death of Fusarium spores exposed to ultraviolet light at 
different temperatures to take the form of sigmoid curves which rapidly approach 
the logarithmic type as the temperature is increased. The average temperature 
coefficient between 0 and 40° C. is 1.13, but between 40 and 50° C it is 1.37. 

Johnson finds rays in the Schumann region to be highly destructive to the 
upper layers of the mycelium of the fungi, Collybia dryophila, Sclerotium batacicola, 
and Fusarium batacia. The effect was localized and did not extend deeply into 
the culture. Ultraviolet rays passing through Vitaglass had a more injurious 
effect than those passing the Corning filter 980 A. Those passing through Cello- 
phane were intermediate in their action. According to Ramsey and Bailey, 
irradiation by a quartz mercury arc stimulates spore formation in cultures of 
Macrosporium tomato and Fusarium cepae.^^* 

Viruses and Bacteriophages. According to Baker and Nanavutty,^26 
bacteriophages are about as susceptible as the bacteria to irradiation, and the rela- 

"•Guerrini, G., Ball, soc. ital. biol. sper., 10, 847 (1935); Chem. Abs., 30, 8284 (1936). 

Houghton, E. M., and Davis, L., Am. J. Public Health, 4, 224 (1914); Fairhall, L. T., and 
Bates, P. M., The Cotton Oil Press, 33 (1921). 

^Fulton, H. R., and Coblentz, W. W., /. Agr. Research, 38, 159 (1929). 

Dillon-Weston, W. A. R., Sci. Agr., 12, 81 (1931): Chem, Abs., 26, 497 (1932); DiUon-Weston, 
W. A. R., and Hainan, E. T., Phytopathology, 20, 959 (1930); Chem. Abs., 25, 2233 (1931). 

^Sibaia, C., Boll, stag, patol, vegetale, 11, 115 (1931); Chem. Abs., 26, 1958 (1932). 

»» Smith. E., Bull. Torrey Bot. Club, 62, 45 (1935); Chem, Abs., 29, 1130 (193 5). 

“•Johnson, F. H., Phytopathology, 22, 277 (1932). 

Ramsey, G. B., and Bailey, A. A.. Bot. Gas., 89, 113 (1930); Chem, Abs., 24, 3261 (1930). 

See Hutchinson, A. H., and Ashton, M. R., (.Canadian J. Research, 3, 187 (1930); Chem, Abs,, 
25, 315 (1931)1 for the action of various mercury lines on the fungus, CoUetotrichum phomoides. 

Baker, S. L., and Nanavutty, S. H., Brit. J. Essp. Path., 10, 45 (1929); see also Appelmans, R., 
ArcK Intern. Pharmacadyn,, 27, 95 (1922); Chem. Ahs„ 17, 1978 (1923). 
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tive efBciendes of various spectral regions are about the same as for B. coli. 

fowitd the destructive action to vary with the medium, being weak in 
broth, moderate in water and strongest on agar plates. Among the bacteriophages 
which have been afiFected by irradiation an‘ those for B. coli cholera, 

staphylococci, and dysentery,^ The ultraviolet absorption of colon bacteriophages 
has been measured by Sandholzer, Mann and Berry.’ 

The work of Rivers and Gates indicates that the susceptibility of vaccinia 
virus to irradiation is of the same order as that of ]>acteria. Galloway finds the 
virus of foot-and-mouth disease to be destroyed after five minutes of exposure of 
filtrates to the radiations of a quartz mercury arc in quartz vessels. Also, the 
virus is inactivated after thirty minutes if the rays are filtered through Vitaglass. 
In ordinary glass there is no lethal action. 

The tobacco mosaic disease virus is similarly inactivated, unless it has pene- 
trated plant tissue. Stanley finds 0.5-per cent solutions of the crystallized pro- 
tein of this virus to produce (when irradiated for eight hours by the unfiltered rays 
of a quartz mercury arc) an inactive protein which retains certain chemical and 
serological properties of the original. However, the protein no longer is capable 
of producing either the mosaic disease or a high molecular weight protein on 
inoculation into Turkish tobacco plants. Neither docs it cause local lesions in 
Nicotinea glutinosa. The product may be crystallized from solution but the crystal 
is more opalescent and more readily denatured than before irradiation. Its x-ray 
diffraction pattern, isoelectric point and optical rotation are unchanged. No 
marked change in molecular weight occurs, although the homr)geneity of the mole- 
cules is decreased. The scrum of an animal previously injected with the irradiated 
product has a neutralizing effect on the original virus. The survival-ratios during 
irradiation follow a simple exponential curve, the rale of the inactivation depending 
upon the incident energy, according to Price and Gowen.’^'’ The absorption spec- 
trum of the crystalline virus differs from that of other proteins in having its 
absorption maximum at 265()A.^''’'’ This suggests that the compound is a nucleo- 
protein, and for this there is independent chemical evidence. This suggestion is 
interesting in that it points to the conclusion that viruses, which lie on the border 
between the living and the lifeless, appear to have nucleic acid as a component. 

Other viruses found to be inactivated by ultraviolet rays include those of herpes 
and encephalitis,^^^® influenza,’ and crystalline tomato bushy stunt virus.’®® 

It has been .shown by Herzberg that certain dyes can sensitize the vaccine 
virus to vioihle light. Only the tliiazinc, acridine and thioxanthonc dyes were 
stilted to have this property. At a dilution of one in a million, methylene blue 
and thiopyronin acted the most rajridly, sensitizing tlie virus within twenty to 
forty vseconds. For exposures of an hour the acridine dyes were found to be 

^aoMi/uno, K., Jai>an /. Mt’d. Sri, Dad & Parasit., 1, 52 (1929); Chem. Abs., 23, 5 485 (1929). 
iiWMcKinlo, E. B., Fiisher, R., and Holden, M., Proc. Soc, Exptl. Biol Med,, 23, 408 (1926). 
ii»Levaditi, C„ and Voet, Compt. rend soc, biol.. 120, 3 8 5 (1935); Chem. Abs., 30, 1084 (1936); 
sec also Hallaiicr, C., Infcktionskrankh., 117, 18 (19.35). 

SandhoUer, L. A., Mann, M, and Berry, G. P., T, Bad., 33, 17 (1937). 
lao Rivers, T. M., and Gates, F. L., J, Exp. Med, 47, 45 (1928). 
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effective in the greatest dilutions, one in fifty million. It was pointed out that 
irradiation of rabbit skin by short wave-lengths after the application of active virus 
(within eight hours of the inoculation) reduced the number of pustules produced, 
but no effects could l)e observed if the irradiation was given after sixteen hours. 
After the injection of methylene blue intravenously, irradiation modified the infec- 
tion even when given 24 hours after inoculation. With light of longer wave- 
lengths, no modification could be produced by irradiations made later than seven 
hours after the inoculation, even in the presence of the dye. The same effect was 
obtained with sunlight used 24 hours after inoculation as with the best source 
of ultraviolet light used 72 hours after inoculation. 



Figure 136. Radiotoxic Spectral Sensitivity of Chlorella vulgaris to Ultraviolet Rays. 
(From Meier, Smithsonian Miscellaneous Collections. The abscissae are wave- 
lengths in Angstroms. The ordinates are relative lethal effectiveness in arbitrary 
units. Black line, smooth curve; dash line, actual values; dotted line, curve obtained 
by Meier, 1934). 

Algae. Land found that ultraviolet irradiation of the alga, Bonnemasonia 
asperagoideSj causes liberation of iodine from the gland cells. Tn the case of 
Euglena, Swann and del Rosario found that in killing by a- particles, death was 
caused by a single impact with some .sensitive entity of the cell, the size of which 
was about equal to that of the nucleus. In experiments with ultraviolet light, it 
ajipeared that the cells did not cease to die the moment irradiation was stopped, 
some cells apparently being affected in a manner which produced death some time 
later. Attempts were made to utilize absorption data on different parts of the 
cell to compute the volume of an assumed sensitive entity, on the assumption that 
the probability of reaction following absorption of a photon is unity. Attempts 
were also made to calculate the probability of killing on the basis that the volume 
of the assumed sensitive entity is that of the nucleus. 

Meier reported that the unicellular green alga, Chlorella vulgaris, Is not 
killed by wave-lengths longer than 3022A. In su])seqijent work,^-'^^ she irradiated 

R., Compt, rend., 191, 863 (1930). 

Swann, W. F. G., and del Rosario, C., J. Franklin Inst., 313, S49 (1932). 
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Meier, F., Ibid., 92, No. 3 (1934); 95, No. 2 (1936). 
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plfiites and inoculated them. As normal growth resulted, she concluded that 
radiations lethal to the organisms did not affect the medium in any way to accel- 
erate or retard growth. She then made a number of exposures of plates (inocu- 
lated two to five months previously) behind a spectrograph for various periods 
from a few seconds to several hours and noted the regions in which decolorized 
areas became evident at intervals of from a few days to two months following 
irradiation. The lethal radiotoxic threshold for wave-lengths 2652 and 2804A 
lies between 100 and 120 seconds for intensities of 1960 and 1840 ergs per sq. cm. 
per second, respectively. Assuming the Bunsen-Roscoe law, for 1000 ergs per 
sq. cm. per second, the exposures required for 2652A would be 220 seconds and 
for 2804 A, 206 seconds. Similarly, the results at a number of other wave-lengths 



Figure 137, Radiotoxic Virulence Determined from Chlorella vulgaris. (From Meier, 
Smithsonian Miscellaneous Collections). The abscissae are wave-lengths in Ang- 
stroms, The ordinates are radiotoxic virulence in arbitrary units. 


were reduced to this common intensity and plotted in Figure 136 which shows a 
maximum lethal sensitivity at about 2600A. (Note similarity to the observations 
of Gates on bacteria. At the suggestion of Dr. C. G. Abbot, she introduced 
two new terms, radiotoxic spectral sensitivity and radiotoxic virulence. The 
former related to the certainty of the lethal action and the latter to the quickness 
of the attack. The distinction was drawn because death ensued much more quickly 
after irradiation in some spectral regions than in others. The data on the radio- 
toxic virulence are included in Figure 137 and show an alternate waxing and 
waning with decreasing wave-lenf>lh and a high maximum at 2323A.’^® 


.r '"J and Hollaendcr, J, Bad, 27, 219 (19.^4), Lucjus, F., BfU System 

Tech. Metallurgy Monogr., B 792, 1-47. 

«« For effects rf portions of the visible and ultraviolet spectrum on cells of the prothallium of ferns 
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Hifher Plants, Hertel examined leaves of tlie aquatic plant Elodeux cana- 
densis under a microscope with a quartz condenser and illuminated with lig^ht of 
2800A. The streaming movenwjnt of the granules in the living cells ceased almost 
immediately. 

Work relating to the lethal effects of ultraviolet light on plant cells has been 
reviewed by Dell^^^ That single exposures may produce severe reactions was 
demonstrated by Maqucniie and Demoussy in 1909, Kluyver in 1911, Ursprung and 
Blum in 1917, and vStoklasa in 1911, In Kluyver's experiment, exposures at 40 cm. 
from a mercury-vapor lamp for two and a half hours showed no immediate effects 
on leaves of Aucubus. Subsequently, however, the epidermal cells died, turning 
black in all leaves which had been exposed for forty minutes or longer. A cover 
glass protected a leaf from lethal effects over an exposure of twenty hours, indi- 
cating that rays of 3000A or longer do not have a directly hannful effect on the 
plant. The red pigment of Begonia was destroyed by illumination for two and a 
half hours. 

According to Ursprung and Blum, in Pelargonium the white parts are more 
resistant to ultraviolet than the green ones in the variegated leaf but in Vicia faba 
the opposite seems to be true. In general, it seems that the guard cells of the 
stomata are the most resistant of all the epidermal cells. The epidermis, and 
especially the cuticle, appear to absorb ultraviolet light, the cells being destroyed 
by the irradiation although the tissues below appear unharmed. Russell and 
Russell showed that cress seedlings grown on muslin were stunted by mercury-arc 
irradiation and that those irradiated for periods as long as twenty minutes daily 
were shriveled in appearance.^^*^ 

Delf, Ritson and Westbrook tested the effects of very short daily exposures 
to the mercury arc upon a variety of plants. In general, they noted delayed ger- 
mination, retarded growth and stunted habit of the seedlings and a partial inhibition 
of leaf development, especially of the lamina. In some cases there was a darker 
green color and in one case a loss of anthocyanin pigment in the lamina. With 
longer exposures, older plants showed a promoted leaf fall, and retardation of 
flower formation and of the opening of previously formed buds. In these cases 
the exposures were from two to ten minutes repeated from four to eight times 
daily. With exposures of thirty seconds or less the results were different. In 
one case, flowering of Pelargonium seemed to be promoted, in another the leaves 
of the irradiated plant ultimately surpassed those of the control in size; and in a 
third case, after a month of thirty-second daily irradiations at a distance of eight 
feet, there was a permanent and very favorable after effect in Trifolium, In the 
plant Voandseia, exposures of five minutes daily led to definite anatomical changes 
during development, such as a reduction in the total thickness of lamina, develop- 
ment of more compact mesophyll with smaller and fewer air spaces, reduction in 
mechanical tissue and collapse of the cells of the upper epidermis followed by the 
withdrawal of the chloroplasts from the upper parts of the palisade cells. Martin 
and Westbrook made histological examinations of leaves (Pidmonaria or 
Auruba) at varying periods during irradiation. Lethal changes were first evident 
in the epidermal cells in the nuclei which coagulate, darken and become disorgan- 
ized to one or more irregular masses. Later the cytoplasm becomes finely granular 

E. M.. Brit /. Actinotkerap,, 2, 106 (192Z). 
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and rapidly darkens. For small doses the reciprocal of the latent period for visible 
brownitigr is proportional to the dose expressed in Clark lithopone units, ^ but doses 
between ten and fifteen units make the latent period very short. During irradiation 
the temperature coefficient was about 1.1, but during the latent period it was 
higher, from 1.32 to 2.9. 

Gilles,^®^ states that the germination of lentil and turnip seeds is accelerated 
hut their growth is somewhat retarded by mercury-arc irradiation. 

Protozoa. There have been comparatively few investigations of the effects 
of ultraviolet light on amoebae.^ Heilbrunn and Daugherty assumed that ultra- 
violet rays cause first a breakdown of a calcium gel in the cortex followed by 
the entry of this calcium into the interior where it produces a preliminary lique- 
faction followed by gelation. According to Black media which favor motility 
tend to exert a synergistic action with the rays (2540 A) in decreasing motility and 
producing cytolysis. 

Paramccia have been studied under radiations. Hughes and Bovie observed 
cytolysis in this organism under ultraviolet irradiation. Harris and Hoyt 
employed paramecia in their work on the significance of the aromatic amino- acids 
to which allusion has been made. Bovie and Daland^^® found the short rays in 
the fluorite region to render Paramecium caudatum so sensitive to heat that 
amounts of heat insufficient to affect non-irradialed cells become lethal. Longer 
exposures to these rays caused death directly.^®® Bills found that sunlight, but 
not indirect daylight, inactivates these organisms. 

Weinstein has given a curve (see Figure 134) for the relation between the 
wave-lengths used and the lethal action. It differs considerably from the analogous 
curves for bacteria in that the longer wave-lengths show greater effectiveness. In 
the case of such large cells there is some evidence to show that an optimum lethal 
action may occur closer to 2800 A, the position of the maximum absorption by 
proteins, tlian to 2600A, that of the maxinnnn absorption by nucleic acids. Leigh- 
ton and Giese have criticized the long wave-length limit indicated in the curve 
of Weinstein. Tliey found that, although doses of only 16,500 ergs per sq. mrn. 
sufficed to kill paramecia at 3025A within 24 hours after the irradiation, far greater 
dosages of the wave-length 3130.\ were ineffective. Doses as high as 191,000 to 
200,00 ergs per sq. mni. had little if any effect. Weinstein had reported that the 
organism is killed aliout one-ninth as readily at 3130A as at 2654A and one-half 
avS readily as at 3025A. Leighton and Giese attribute Weinstein’s results to the 
presence of stray radiations, possibly the result of scattering wuthin the quartz 
prism, in the light assumed to be of the wave length 3130A. In general, Leighton 
and Giese found that to produce vesiculation (their criterion of death) in 50 per 
cent of the cells, a large number of (juanta, 10’^, must be absorbed by each 
paramecium. 

Hutchinson and Ashton employed monochromatic light (both visible and 

laoGilles, E., Compt. revd. soc. biol , 109, 7.^9 (19.12); Chem. Abt., 27, 3969 (1933). 
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ultraviolet), and in their controls took into account the period of the growth curve 
at which the specimens were taken. They believed that certain frequencies in the 
red, yellow and near ultraviolet regions stimulated growth, and the green rays as 
well as ultraviolet rays shorter than about 3000A retarded growth or killed the 
cells. Eflfects were different during the early and later portions of a 24-hour 
irradiation in some cases. 

Alpatov and Nastyukova find Paramecium caudatum twice as susceptible to 
the stimulating and depressing actions of radiations as Paramecium bursaria, which 
contains green symbiotic algae. After the latter had been kept in darkness until the 
algae lost their color, the two species were equally susceptible. The addition of 
electrolytes which induce swelling in colloids decreased the resistance of the organ- 
isms to ultraviolet rays and those which shrink colloids made the organisms more 
resistant.^®^ Increase in viscosity produced by an electric current increased the 
resistance and decreases in viscosity produced by chloretone decreased resistance to 
irradiation. 

A latent period of several minutes to hours between the cessation of irradiation 
of P. bursaria and the death of many cells has been emphasized by Tang and 
Gaw,^®^ who have discussed the effects of the age of the organisms upon the con- 
stants of an empirical equation for the survival curve.^®'^ Tchakhotine,^®*'* by 
means of an ultramicroscope, observed the flocculation of cell colloids by the 
passage of a sharp pencil of ultraviolet light into the cytoplasm of amoebae, para- 
mecia, spyrogyra and other organisms. Localized flocculations of cytoplasmic 
proteins cannot be obtained. Nuclear substances change in dispersion but do not 
precipitate. 

Eggs, Embryos, Lower Animal Forms. The oocysts of Eimeria tenella, if 
uiiscgmented, suffer a 100 per cent mortality after a ten-minute exposure to a 
temperature of 53°, 15 seconds at 60° or to three quarters of a zinc sulfide unit of 
ultraviolet light.^®® 

Lillie and Baskerville found that exposure of unfertilized eggs Arbacia 
to ultraviolet light for five to fifteen minutes caused membrane formation and 
cytolysis. The treated eggs, unless overir radiated, showed the usual increased 
susceptibility to hypertonic sea water. Even when the radiations had been too 
weak to produce membranes, the susceptibility to hypertonic sea water was 
increased. Hinnehs found that regions of high physiological activity were 
modified first in development by radiations. These regions were also the first to 
recover from slight injury. Irradiation of the sperm reduced its motility, delayed 
cleavage and interfered with tlie normal development of the zygote. Loose spenn 
suspensions of Arbacia lost their fertilizing power more rapidly on irradiation than 
concentrated ones. The sperm was agglutinated. 

Klugh used filters in comparing the effects of various components of sun- 
light on a series of seven marine organisms which differed widely in their response 
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150 ligfht. It was condiidftd that there is a fairly close relation between the depth 
at which the organisms live and their susceptibility to radiations of shorter wave- 
lengths. In several cases lethal effects were found even though all the radiations 
used were present in sunlight 

pigmented embryos of the nocturnal slug, Limax flavus, are ^sily injured by 
ultraviolet rays.^^® The deeply pigmented ones are especially sensitive. 

The eggs and the first instar larva of the bean weevil, Bruchus obtecHis, are 
killed by light of wave-lengths less than 3126 Adults showed no visible effects 
on irradiation, but most of their eggs were sterile. Sublethal doses produced 
weevils defective in metabolic processes. 

Stevens found that total arc exposure of the whole Ascaris egg for six or 
eight hours usually did not kill the egg at once, but prevented further development 
if the eggs had been in the two-cell or four-cell stage at the time of exposure. 
With shorter exposures, there was observed irregular fragmentation of the chromo- 
somes, delay in cleavage and abnormal gastrulation. Schleip irradiated various 
parts of the egg separately and concluded that no one part could be affected with- 
out producing some alteration in the unirradiated parts as well. Ruppert found 
a rhythmic alteration in the lethal effect, depending on the stage of development of 
the egg when irradiated with energy of a wave-length of 2800A.^'^® 

Wright and McAlister fotmd ova of the roundworm of the dog, Toxascaris 
Leonim, to exhibit retarded embryonation after irradiation with the lines 2652 or 
2804A at intensities of 684,000 ergs per sq. cm. They were particularly interested 
in the possible lethal action of sunlight, but found destructive effects only with 
the wave-length 3022 A, but not with longer ones. Even at 3020A, 137,000,000 
ergs per sq. cm., approximately equivalent to twelve days of July sunlight at 
Washington, D. C., caused only 1.5 per cent of the ova to reach embryonation, as 
compared with 42 per cent in the controls. For Toxocara ova, the corresponding 
figures were 20.5 per cent as compared with 65.5 per cent. The lesser susceptibility 
of this species may be due to absorption or dispersion of the light by the mosaically 
patterned, darkly pigmented shell of these eggs as compared with the clear, lightly 
pigmented shell of the Toxascaris ova. The ultraviolet rays of sunlight may be a 
factor, along with temperature and desiccation, in the marked lethal action of sun- 
light on ova reported by several workers. 

Applications 

The Sterilisation of Water, At one time sterilization by ultraviolet bid fair to 
be the method of choice for the treatment of water on a large scale and several 
installations were claimed to have been satisfactory. A description of the opera- 
tion of an installation at Henderson, Ky., given by Smith, states that there was 
little or no variation in the results, the rate of pumping being 2,200,000 to 3,200,000 
gallons per day. The energy expenditure was said to have been 92.5 kilowatt 
hours per million gallons. 

i**® Carmichael, E. B„ Physiol, Zool., 4, 575 (1931). 

MacLeod, G. F., Ann. Bntomol, Soc. Am., 26, 603 (1933). 

1'”* Stevens, N. M., Arch. Entwkklungsmech. dcr Organismen, 27, 622 (1909). 

Schleip, W., Arch. Zellforsch., 17, 289 (1923). 

Ruppert, W., Z. tviss. ZooL, 123, 103 (1924). 

‘" Wright, W. H„ and McAlister, E. D., Smithsonian Misc. Coll., 93, 1 (1934). 

‘‘"Smith, A. T,, Bng. News Record, 1021 (1917), 
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Figure 13S Large-scale Water Sterilization Equipment. 


The ultraviolet sterilizers consisted of three legs each comprising five units. (Figure 
138.) The legs were connected in parallel and the entire equipment was connected in 
series with a pipe line leading from the filtered >vater basin to the storage for the city 
supply. Each unit had a lamp box iiivserted in the side equipped with a clear quartz 
closed-end tube which projected into the body of the unit and around which the water was 
forced in a thin film by means of a baffle placed at 90* to the long axis of the sterilizer. 
The quartz tube was contained in a slotted opening in the baffle. (Figure 139.) The lamp 



Figure 139. Lamp Box. 


proper was a 220-volt d.c. mercury arc designed to be automatically tilted for starting 
by a special support located in the lamp box. The individual lamps were so connected 
that they could be adjusted individually. They were also connected to the main switch- 
board, each lamp having an incandescent lamp and a warning bell to notify the operator 
of improper operation. 
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Blocher states that the method was successfully in use at Berea, Ohio, in 
1929 for the treatment of river water. The water was passed through four copper 
boxes in series, each of which contained a mercury-vapor lamp surrounded by a 
quartz cylinder.^^® 

The advantages of the method are evident. The water itself undergoes no 
change. The materials in solution and the air, both of which give the water a 
pleasant taste, are retained. An overtreatment is not possible and the cost is not 
prohibitive. Springer,^®® although emphasizing that the water must first be clari- 
fied, believes the process to be superior to chlorination in that no disagreeable odor 
or taste is produced.^ 

Nevertheless, the method has declined in favor owing to the competition of the 
cheaper and in some respects simpler chlorination methods. For this reason 
working details of the apparatus employed will not be given, and reference will 
merely be made to the pertinent patents and articles in the field.^®^ 

Beattie states that the treatment of natural waters is ineffective. During 
the early development of these methods it was occasionally stated that the treat- 
ment of water so alters it as to render it germicidal. Such statements were dis- 
puted,^ but have been occasionally found in the subsequent literature. Norton 
stated that water exposed to ultraviolet light retained a slight germicidal power 
toward typhoid bacilli and Friedlander’s bacilli, but not toward staphylococci. 

The use of ultraviolet rays for the purification of the water of swimming pools 
is no longer practiced extensively, principally because of the inability to make the 
necessary exposure of all the water to the radiations. Also, chlorination is reported 
to be cheaper and more cffective.^^^ Occasionally a favorable report of the method 
still appears. 

There are, however, several fields in which the method is useful because the 
chemical methods may be objectionable and an overdose harmful. Among these 
are the sterilization of water for surgical purposes under certain conditions, the 
sterilization of bottled waters, and other beverages (before bottling),^®® and the 
treatment of water intended for washing butter and for use in foods.^®^ 

Lloyd claims that the exposure of filtered sea water to ultraviolet light for 


iw Blocher, J. M., J. Am. Water Works A^soc., 21, 1361 (1929); Brit. Chem. Abs., 1929B, 1034. 
m jvjote also Rod^igue^~Ely, Tech, samt, muntc , 30, 288 (1935). 

Springer, J. F., Pub. Works, 62, 10, 36; 11, 65 (1931); Chem. Abs., 26, 1048 (1932). 

See also Perkins, R. G., and Welch, H. [Contract Journ., March 4, 1931; Chem. Abs., 26, 1997 
(1932)1 for a favorable opinion. 


^*3 Helbronner, A., and von Recklinghausen. M., British P. 4,895; 24,632; 28,067; 25,883; 21,829; 

oin »V Helhronner, A, and von Recklinghausen, M, 

ni. 1.150.117, Aug 17. 2915; Domic, P., and Dane, P, 

il009); Tassilly, E. and CamMer, A., dompt. rend., 151, 
I^^S-Rfcord, 110 (1912); .Set. Am, 515 (1917); Otto, M. P., French P., 421,296, Oct. 10, 

56. 528 (1913); Perkin, F. M., Trans. Faraday 



MS (1923) ; pienert, F., Anm Hya. Pub. Ind. Soctale, 586 (1924); Sirch ’ C. W., U. 'S. P. 1 , 860 , 435 ; 
May 31, 1932; Baumgartel, T., IVasscr und Ahwasser, 33, 20 7 (1935); Chem. Abs., 29, 6677 (1935). 
>88 Beattie, J. M., Surveyor, 78, 69 (1930); Chem. Abs., 26, 1365 (1932), 

>8* Cernovodeanu, P., and Henri, V., Compt. rend , 150, 52 (1910) 

Cf^'^Abs.: 3i.^707l’"a937^“'’’ Vad.mov, M., Priroda. 24, No 4, 13 (1935); 


“•See Heath. R. F., Con. Engr., 70, No. 14, 27 (1936); Chem. Abs., 30, 7746 (1936) 

“tXOTner, A. A, J. Roy. Samt. Inst, 55, 441 (1935); Chem. Abs., 30, 1481 (1936) 

85U*(»3%^' »' 0936); Ch.-. 30. 

»»Statder, E. S., Food Ind., 7, 535 (1935). 
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one second sterilizes it effectively. The cost of irradiation treatment is said to be 
about a hundred times that of chlorination.^®^ 

Residual chlorine and chloramine in distilled water drop f markedly on exposure of 
the water to arc lamps, and the acidity increases in proportion to the reduction in free 
chlorine.^**® The o-tolidine reagent used in the free chlorine test becomes unreliable 
because of discoloration after exposure to direct sunlight for two months. Similar dis- 
coloration impairs the dichromate-copper sulfate standard.^** 

Sterilization of Food Products 

Sterilization of Milk and Other Opaque Substances. After the introduction of 
ultraviolet sterilization, many patents describing processes for treating milk were 
issued. These will not be described in detail since the process apparently inter- 
feres with the irradiation of milk for the production of vitamin D, and because 
complete sterilization is difficult. Also the prolonged treatment necessary for 
sterilization is reported to have deleterious effects upon the flavor of the milk.^®^ In 
the patent of Henri and von Recklinghausen, it was stated that heating the milk 
to 60^^ C. before irradiation would make the bacteria more sensitive to the action of 
the rays. In addition to the preheater (Figure 140) there was employed a rotating 



I 


Figure 140. Apparatus of Hclbronner and von Recklinghausen for Heat 
and Ultraviolet Treatment of Milk, 

drum to pick up a very thin film of the milk, a procedure frequently used in 
irradiation of opaque fluids, von Recklinghausen obtained a thin film by pass- 
ing the liquid between two plates, one of quartz, the plates being separated by 
sheets of tin foil. Further patents dealt with details of methods for removing 
milk from rotating drums or rollers in such a manner as to avoid formation of 
particles of butter on the roller.^®® 

iwuoyd, B., /. I^oy Tech. Coll., 3, 505 (1935); Chem. Abs., 29, 4041 (1935). 

^"iVagedes, H., Gas^und Wasscrfach, 78, 80 (1935); Chem Abs, 32, 1826 (1938). 

Buchanan, E. B, and Dodge, J. K., 15th Attn. Kept. Ohio Lonf Heater Pvtrtf , 40 (1936); Chem. 
Abs., 30, 6859 (1936). 

Davis. W. S., and Kelly, C. B., J. Am. H^aterworks Aswr., 26, 757 (1934); Chem, Abs., 28, 
4807 (1934). 

Iletin, V., and von Rechlingliauscn, M., U. S. B. 1,141,046, May 25, 1915. 

Recklinghausen. M. U. S, P, 1,165,921, Dec. 28, 1915, Chrm. Abs., 10, 649 (1916). 

Henri, V., Heihronner, A., and von Recklinghausen, M., U. S. P. 1,140,818, May 25, 1925; 
1.068,898, July 29, 1913; 1,052,818, Feb. 11, 1913; Hclbronner, A., and von Recklingnausen, M., Brit- 
ish P. 12,948, May 27, 1910; 18,4.58, Aug, 4, 1910; for sterilizing fats and butter, note Sioc. Le Ser- 
ment, French P. 400,921, March 17, 1909. 
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Poteocier delivers milk under carbon dioxide pressure from a tank onto a 
metal or transparent table in a thin layer and collects the milk in a gutter sur- 
rounding the tabic. The rays are emitted from tubes situated under a parabolic 
cupola above the table. The cupola may be made either of polished metal or of 
insulating material faced on the inside with a fluorescent coating yielding rays 
between 2300 and 4S00A. Scheldt^®® used a lamp in which a high-tension dis- 
charge is passed through neon and argon in a series of quartz tubes either 
U-shaped or formed of two coaxial vertical rims one enclosing the other. The rays 
are allowed to act on the liquid as it flows in a thin film between the surfaces of 
the quartz tubes and surrounding tubes of porcelain. 

Vogeler states that sterilization of milk by ultraviolet light is not a feasible 
process. Various attempts have been made to combine the use of ultraviolet rays 
with chemical treatments, using for example, hydrogen peroxide 200 or chlorine.^^i 

Food ProducU?^^ The ingredients of jams, jellies, and other preserves 
may be subjected to the action of ultraviolet rays while being heated in a shallow 
pan provided with means for agitation and removal of the scum.®®® Perino 
suggested that nutritive extracts of vegetables be irradiated in the absence of 
oxygen. 

Spolverini states that ultraviolet irradiation of certain foods causes physical 
and chemical changes which tend to aid conservation. Berndt and Creighton®®® 
treat the foodstuff with ultraviolet until beneficial properties have been imparted 
to a portion of the material, and mix this with untreated material. Apparatus 
designed for irradiation of viscous food products such as malt extracts has been 
described by Rohde.®®^ Duret®®® finds ultraviolet sterilization of sugar solutions 
of value because occasional samples of sugar are found to contain thermophilic 
bacteria which resist heat sterilization. 

Ultraviolet Sterilization in Baking Industry. In milling flour, it is usually 
necessary to remove the germ from cereals in order to prevent growth of organ- 
isms which lead to spoilage of the flour. To preserve these valuable portions of 
the grain, Mayor®®® proposes to irradiate the germ with ultraviolet rays, roast 
the treated germ, and mix the latter with the ground kernel of the same or 
other cereal 

In the bleaching of flour, mercury-arc irradiation is occasionally employed to 
supplement the action of such bleaching agents as clibenzoyl peroxide. By this 
means it is said to be possible to obtain in one hour the amount of bleaching that 


R., British P. 430.908, Dec. 21. 1933; Brit. Chem. Abs., B, 827 (1935). 
l.^of2?7f1^ay’l?,‘*l?28!^*'* B, 106 (1928); U. S. P. 

»» Vogeler, L., MUchwirUchaft Literaturber., 484 (1930); Chem, Abs.. 26, 1039 (1932) 

M., German P. 392,935, 1922; Brit. Chem. Abs„ B, 345 (1927). 

XI T* "f*"**'^**’ Snyder, R, M., U. S. P. 1,945,102, Jan. 30, 1934* Chem Abs 28 2428 n934) 
Note for another recent milk patent, Castelmn. L, fj. S. P. l,9i6,667,’May l, 1934 .^®' (1934). 

1936®“r& ^ Food I nvet. Bd.. 2% 

‘^f- Mayor, J., U. S. P 

«« Perino, J., British P. 279.487, Oct. 22, 1926; Chem Abs, 22, 2799 (1928), 

Spolverini, L. M., Rw, ital. a^tionol., 2, 1 (1927); Chem. Abs., 23, 4508 (1929) 

W n '’ 9 V- 2-072.«6-7-8: Chem. Abs., 31,'2701 (1937). 

Rohde, H. W,, U. S. P. 1,888,472, to Jos Schlitz Beverage Co 

OP33); British P. 395,527. 

"•Mayor, J., French P. 752,261, Sept 20, 1933; Chem. Abs.. 28, 838 (1934). 
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would be effected by allowing the peroxide to stand alone in contact with flour 
for 48 hours.®*<> 

Read^^^ studied the use of various sources of ultraviolet light in killing mold 
spores infecting the surface of freshly baked bread. He did not find the mercury^ 
vapor arc to offer the advantages to be obtained by the use of the carbon arc. 
With various carbons, the fungicidal potency decreases in the following order: 
‘'C/' and Mg. On the other hand it has been stated that growth of 

molds in bread can be checked by utilization of discharge lamps containing argon, 
neon and mercury .212 Rooms in which dough is stored for yeast reaction are kept 



Courtesy JVesiinghoust Btectric and Monufaetnrinff Co, 

Figure 141. Use of Ultraviolet Radiation in Dough Room of a Bakery. 


warm and moist and these conditions favor the growth of molds. It was reported 
that such growth could be inhibited by exposing dough to lamps emitting radiation 
between 2000-2600A. The rays were said not to penetrate beneath the surface 
of the dough, and to have no effect upon the yeasting process (Figure 141). Also, 
lamps which furnish rays in the range mentioned have been employed in the cool- 
ing and wrapping rooms of bakeries to prevent deposition of bacteria on bread 
subsequent to the baking process, Bonsor^is subjected the dough ingredients 
during mixing to ultraviolet light for five or ten minutes to render the final product 
lighter and more easily digested. 


“•Ferrari, C. G., and Croac, A. B., Cereal Chem,, 11, SOS (1934); Chem, Abs,, 29, 236 (1935); 
Ferrari, C. G., Croae, A. By and Bailey, C. H., Cereal Chem., 9, 491 (1932); Chem, Abs., 26, 6027 
(1932); Sutherland, E C., U. S. P, 1,539,701, May 26, 1925; Chem. Abs., 19, 2246 (1925); feritish 
P. 249,139, March 11, 1925; 102,967, Dec. 22, 1915; Chem. Abe., 11, 1219 (1917); U. S. P. 1,381,079, 
bme 7, 1921; 1,380,334, May 31, 1921; Chem. Abs., 15, 3349 (1921); Gelissen, H., U. S. P 1 483,546, 
Feb. 12, 1924; Chem Abs., 18, 1167 (1924). In the earlier patents, other oxidizing agents, usually 
peroxides, were suggested. 


Read, J. W., Cereal Chem., 11, 80 (1934); Chem, Abs., 28, 3142 (1934). 

“•Hibhen. S. G., and Blackburn, P. W„ Elecincal Engineering, 455 (1938). Garrett, O. F., and 
Arnold, R. B., Mtlk Plant Monthly, August (1938). Food Industries, 10, (5), 263 (1938). James, 
R. F.. Food Industries, 10 (6), 295 (1936). Dennington, A. R., The Bakers Technical Digest, March 
(1937). Broadbent, H. S„ Food Industries, 10 (6) (1938). 


“•Bonsor, S., British P. 280,729, Dec. 16, 1926; Brit. Chem. Abs., B, 106 (1928). 
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Ulituviolet SterLiisation in Me<xt Industry Freshly slaughtered beef is com-' 
posed of small muscle fibers 0,002 inch in diameter and 1 to 2 inches in length 
enclosed in a sheath-like covering. The muscle fibers are bound together into 
larger aggregates by connective tissue. When beef is stored, the connective tissue 
is changed to a gelatin by enzymic action within the meat. This process, called 
tendering, may be accelerated by increasing the temperature. However, tempera- 
tures above refrigeration limit (above 45^F.) also speed up mold formation on the 
surface of the meat, thereby causing considerable loss of the latter when the mold 
is cut away. 

Also, storing of meat may result in considerable shrinkage by evaporation of 
moisture when the relative humidity of the storage room is below 83 per cent. 
A relative humidity of 85-90 per cent in the vicinity of stored meat was stated 
to prevent evaporation from meat to a large extent. These highly moist conditions 
tend to accelerate mold formation. 

23 ’ 
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Courtesy W cstinghousc Electric and Manufacturing Co. 

Figure 142. Use of Ultraviolet Lamps in Meat Storage Rooms. 

The presence in a storage room ot rays of about 2000-2600A was advocated as 
effective in inhibiting mold formations on meat surfaces, at temperatures above 
35 °F. and relative humidity of 85 ^0 per cent.^^^ Lamps emitting these radiations 
generally are placed in rows parallel to the racks or rails on which meat is hung 
for storage or tendering (Figure 142). Also, it is reported that circulation of air 
in the storage room prevents mold formation in areas where meat is not exposed 
directly to rays from discharge lamps. 

Miscellaneous Applications. Ultraviolet sterilization has been proposed as 
efficient for destroying bacteria on eating and drinking implements.^!® Exposure of 
glasses (after washing and rinsing) to rays from discharge lamps was reported 
to result in destruction of 87-100 per cent of the bacteria present. 

at^Ewdl, A. Engineering, January (1939). Coulter, M. D., Address at Melton 

Institute of Industrial Research, March 21, 1939. British 22,669, 1914, to Monvoisin, Barrat ct 
Rd)in; Chem. Abs., 10, 1238 (1916). 

^^mps utilixed for tWs purpose arc known as Sterilamps (Tiade Mark Rejristered IT. .S ^Patent 
Office) , manufactured by Westinghousc Electric & Manufacturing ( o 

«®R. V. Fellers, The American City, August, S3 (1938). 
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In the sterilization of fruit juices, Welch $nd Perkins suggested the use of 
the photosensitizing action of eosin or fluorescein, only very small concentrations 
being required. ^ 

The condition of pitched barrels or casks is reported to be greatly improved, 
even though complete sterilization is not attained, by lowering quartz lamps into 
them and irradiating them for fifteen to thirty seconds. Longer peribds may heat 
the casks to such an extent as to cause the liberation of the fumes of pitch/-^^® 

Sterilization of Medicinal Products 

Vaccines. It was early proposed to treat vaccinia virus by ultraviolet rays, the 
belief being that harmful foreign organisms could be killed by doses insufficient 
to destroy the more resistant virus.^^^ Kirstein,^^^ using the Vitaray apparatus, 



Figure 143 Apparatus of Ilougton and Davis for Sterilization ot Vaccines. 


was unable to find any evidence of such action. Later, however, he introduced a 
process using a salicylic acid filter, which he claimed accomplished this purpose 
not in the case of the vaccinia virus, but in the preparation of various bacterial 
vaccines. The killing of the organisms was said to be accomplished by filtered 
ultraviolet rays.^^^ 


Welch, H, and Perkins R G, f Pnv Med, 5. 173 (193n. CJnm Ab^ 2«, 5362 (1932). 
^»Sc% Am, 201, Aug. 28, 1920; Moufang, E, Allgem. Z. Bicrbrau Maliffab , 43, 151 (1915). 
German P. 314,858, Feb. 24, 1914, to Quarziampen Ges Jfanau, J. Sac Ind., 39, 312 

U920); Fnedhejger, E., and Miioncscu, E, Veut Med. U aihschr 1203 (191*4), Mayerhofer, E, 
Z Kmderhetlk, 13, 361 (1916). 

Kirstem, F,, Zentralb. Bakt. Parasttenk. Infektionsk., I, 114, 530 (1929) 

Kirstem, P, German P. 598,680, June IS, 1934, Chem Abs , 28, 5932 (1934), German P. 600,941, 
Aug 3, 1934; Chem. Abs., 28, 7433 (1934), German P 609,258, Feb 11, 1935, Chem. Jbs.. 29, 6366 
(1935). Note also Mayer, G., Geiman P. 505,707, April 3, 1927, them. Abs., 25, 382 (1931). 
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Pigui’c 143 illustrates apparatus used by Houghton and Davis for sterilizing 
bacteria! vacdnes and other products. The material to be irradiated is^ contained 
in a glass flask B connected by a sterile glass siphon and rubber tubing to the 
trough C placed directly beneath the arc. After exposure in the trough, the liquid 
passes through the delivery tube D into a previously sterilized container E. A 
modern quartz mercury arc suitable for irradiating the liquid in the trough is shown 
in Figure 144, 



Courtesy Dr, L. /. Buttolph, Lamp Department, General Electric Co. 

Figure 144. Modern Quartz Mercury Arc for Irradiation of Liquids. 

Pharmaceutical Products. Lesure ^23 found it possible to sterilize several 
drug preparations without altering them, although m several cases the absorption 
by the drugs was so great as to prevent effective sterilization within a reasonable 
time. Silver nitrate, eserine salicylate, apomorphine hydrochloride and atoxyl all 
became colored after five minutes of exposure and morphine hydrochloride, arbutin 
and guaiacol cacodylate after fifteen to thirty minutes. Arbutin became colored 
after three hours because of the formation of quinol and its oxidation products. 

Sperti, Norris, Withrow and Schneider ^24 proposed to employ only selected 
radiations, obtained by the use of filters of, for example, lead acetate, in destroying 
bacteria in enzyme solutions without affecting the enzyme activity. They also 
suggested that selective irradiation might be employed for activation of vitamins 
and for differentially affecting organic substances having several ingredients. 

Mingoia 225 found it impossible to sterilize solutions of such alkaloids as heroine, 
cocaine, atropine and codeine by inadiation so as to render them suitable for hypo- 

«« Houghton, E. M., and Davis, L., Am. J Public Health, 4, 224 (1914). 

A., 7. pharm. chm., U 569 (1910); J. Chem Soc., 98, 739 (1910). 
ii^Speni, G., Norns, R. J., Wiihrow, R., and Schneider. H., U. S. P. 1,676,579, July 10, 1928 
» Mingoia, Q, Ann. chtm appheata, 23, 318 (1933); Chem. Abs., 27, 5889 (1933). 
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dermic me withottt at the «ame time altering the alkaloids seriously. 
believed that insulin solutions could be sterilized in this manner. 

Kelly proposed the sterilization by irradiation of certain emulsions used in 
ointments and shaving creams. 

In treating substances serving as sources of essential oils, Tival and 
Descombes hrst froze the material, then irradiated it and dried it in vacm 
before extracting the oil Rousseau added uranium, iron or manganous salts to 
enzymes or yeast before subjecting the latter to the action of ultraviolet rays. 

According to Stevens,®®^ ultraviolet light renders the lipids of skin, extracted 
and emulsihed in salt solution, bactericidal to hemolytic streptococci. It increases 
markedly the active oxygen content of dried skin, unless the lipids had been 
extracted before irradiation. 

Various Products, Wool which has been treated with ultraviolet light is 
said^®® to have increased susceptibility to mold growth. Gelatin solutions and 
articles made from them, such as threads, cords, violin strings, ribbons, or tubes, 
may be sterilized by ultraviolet light, according to Hirsch.®®® Redd describes 
apparatus for subjecting clothes to ultraviolet rays and ozone in laundry apparatus. 

Lehmann 2 ®® finds that staphylococci in contact with linoleum die more rapidly 
under strong illumination than when irradiated on glass or wood. This is ascribed 
to the action of oxidation products of the linseed oil present in the linoleum. 

Considerable attention has recently been devoted to the bactericidal properties of 
irradiated petrolatum. Rising noted that the latter exerted a strong bactericidal 
action upon the ordinary organisms of wound infection and believed it also to stimu- 
late the processes of healing. Sheard and Thompson found irradiated mineral oil 
less active than irradiated olive oil or Vaseline. Harris, Bunker and Milas found 
the vapors of certain oils to inhibit or kill bacterial smears on nutrient agar without 
irradiation, although otlier oils acquired this power only after being irradiated. 
They believed the germicidal action due probably to volatile substances containing 
peroxidic oxygen in the oil, the formation of which is accelerated by irradiation, 
the most effective rays being about 3130A. In general, animal oils were more 
active than vegetable oils. The germicidal properties are not the result of secon- 
dary radiations, aldehydes, butyric acid or ozone. Sears and Black®®® observed 
that white petrolatum becomes germicidal after four hours of irradiation and 
changes to a limpid yellow color. The germicidal agent is believed to be a non- 
volatile chemical substance, not water-soluble, formed as the result of oxidation. 
It does not kill spores or certain gram-negative intestinal organisms. Stevens 


““Nitzcscu, I. I., Klin. IVochichr,, 3, 2343 (1924); Chem. Abs„ 19, 12S5 (1925). 

^ See, however, Chapter 34. 

Kelly, T, D., British P. 283,711, Dec. 13, 1926; Chem, Abe., 22, 4205 (1928). 

Tival, H., and Descombes, F., British P. 179,164, April 25, 1922; Chem. Abs,, 19, 1019 (1925). 
^Rousseau, £. F., British P. 226,534, Dec. 17, 1923; Chem. Abs., 19, 2103 (1925). 

Stevens, F. A., J. Exptl. Med., 65, 121 (1937). 

Burgess, R., /. Sac,. Dyers Colourists, 50, 138 (1934); Chem. Abs., 29, 1992 (1935). 

“•Hirsch, P., British P. 299,105, July 25. 1927; Chem. Abs., 24, 3061 (1929). 

aw Redd, W. R., V. S. P, 1,948,239, Feb. 20, 1934, to Millprint Products Corp.; Chem. Abs., 28, 2923 
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aw Lehmann. K. B., Arch. Byg., 106, 1 (1931); Chem. Ahs., 26, 166 (1932). 


Eising, E. H., Annals of Surgery, 93, 1231 (1931); British P. 417,685, Oct. 10, 1934; 
29, 1211 (1935). V. S. P. 1.919, OSS, July 18, 1933; Chem. Abs., 27, 4879 (1933) 


MW Sheard, C., and Thompson, L., Proc. Staff Meeting Mayo Clinic, 6, 690 (1931); Chem. Abs., 
26, 2764 (1932). 


aw Harris, R. S., Bunker. J., and Milas, N., /. Pact., 23, 429 (1932); 2nd. Bng. Chem., 24, 1181 
(1932). 

w* Sears, H. J., and Black. N.. J. Baci., 21, 453 (1934). 

wo Stevens, F. A., J. Lab. Clin. Med., 21, 26, 1040 (1935-6); 7. Baci., 32, 47 (1936); 7, Inf. iHs., 
58, 185 (1936). 
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attributed the photoactivity of such products to the evolution of gaseous organic 
peroxides and aldehydes which diffuse rapidly through a film of cellulose acetate. 
The plate*fogging and bactericidal effects of the vapor from irradiated cod-llyer 
oil and from oaonide of olive oil were found to be due to substances liberating 
active oxygen. Not only are bacteria killed by the oxygen liberated from these 
oils, but their growth rate may be retarded or dissociation may occur if the organ- 
isms are subjected to sublethal doses. 



Courtesy Westinghouse Electric and Manufacturing Co 
iuGURE 145. Ultraviolet Sterilization of Aii m Operating Room, 


Reiner- Deutsch and Molnar found irradiation of essential oils in alcohol for 
fifteen minutes at 25 cm. from a Burdick air-cooled lamp to increase their bac- 
tericidal power so that the vapors would kill staphylococci in three hours. 

It has been claimed that irradiated metals are bactericidal at a distance 
Utilisation of Ultraviolet Sterilisation in Hospitalsr^^ The degree of contami- 
nation in an operating room is said to depend on the duration of occupancy, num- 
ber of occupants in the room, the number of contamination carriers and the degree 


Rcmcr-Dctttsch, W., and Molnar, N., J. Bact , 30, 444 (1935); Chem. Ahs., 30, 1086 (1936). 
»*8Rted, 0, Centralbl. Bakt. Parasitenk., Abt. I, 121, 267 (1931); Goldberg, I. M. Acta. Med 
Skand., 83, 212, 573 (1934). 


^ Hart, D., /. Thoracic Surg.^ 6 (1), 4581 (1936) 


Archives of Surgery^ *'“**■» vmiuuci, xv, jr, j ransamons or tne 

Surgical Assocxations, 49, 377 (1937). Hart, D., /. Thoracic Sura,, 7 (5), 525 (1938). Hart, 

« ft). June (1936). Hibbeo, S. 

and Blackburn, P. W., Electrical Engineering, 455 (1938). 


Hart, D ,_and Gardner. C eT jr’, TransacUons of 


, :iur9ery, l (5), 770 (1935). mrt 
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of contammation in their respiratory passages, the adequacy of masks, the cleanli- 
ness of the room and of the incoming air, and the efficacy of the ventilating system. 
It was found that careful regulation of tlie above factors to afford maximum pro- 
tection against entrance of bacteria did not achieve this pufpose completely. Menii^ 
bers of the operating team constantly breathe bacteria into the air, even though all 
members wear masks. Presence of bacteria i.s particularly dangerous in thoracic 
surgery, where long incisions are made. For this reason, thoracic operations 
seldom were performed during winter months, when the probability of respiratory 
contamination in the operating team was highest. The observations of Rentschler 
and James that air-borne pathogenic bacteria can be killed with about 10 per 



Courtesy Hancnna Chemical and Manufacturing Co. 

Figure 146 Operating Room Safe-T*Aire Equipment for Ceiling or Wall Mounting. 

cent of the radiant energy required to kill the same bacteria on a plate led to 
a method for controlling bacteria in operating rooms. In one type of installation 
proposed by James and Hart (Figure 145) a bank of eight lamps which emit prin- 
cipally the line 2537 A is arranged in a square above the operating table. Rays from 
these lamps kill bacteria (breathed by members of the operating team) before the 
bacteria reach the body of the patient It was stated that the intensity of the 
ultraviolet rays reaching the operating table is too low to cause harmful after- 
effects to the patient. Further, utilization of such lamps was reported to accelerate 
wound healing. 

The effectiveness of bactericidal radiation during extrapleitral thoracoplasties 
has been studied. It was found that mortality was reduced more than 50 per cent 
by use of radiation during operations, that postoperative infection was avoided 
almost completely, that postoperative temperature elevations of patients decreased 
and that wound healing was more rapid. Also, the period required before reopen- 

Rimtsclilcrj H. C., and James, R. F., in article of Hibben, S. G., and Blackburn, W« Elec- 
455 (193S). Rentschler, H. C., Address at Mellon Institute of Industrial Research, 

March 21, 1959. 
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Figure 147 (o). 

Baryaire Safe-T-Aire Equip- 
ment. 


Courtesy Hunovia Chemical and Manu- 
facturing Co. 


Figure 147 ib)> 

Baryaire Safe-T-Aire Equip- 
ment 

Couttesy Hanovia Chemical and Manu- 
facturing Co, 




Figure 147 (c). 


Courtesy Hanovia Chemical and Manu- 
facturing Co. 
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iag of the wound to complete the stages of thoracic surgery was reported to be 
lessened considerably. 

Wells and Brown found it possible by means of the mercury arc to destrpy 
the infectivity for ferrets of the influenza virus (P R 8 strain) suspended in air. 
Other quartz operating room lamps have been designed (Figure 146) for ceiling or 
wall mounting. *^Baryaire” units (Figure 147) have been devised for use in hospital 
corridors to prevent cross-infection. It is claimed that microorganisms cannot be 
carried past the barrier of ultraviolet light.^® 

Wells, W. F.. and Brown, H. Am. J. Hyg„ 24, 407 (1936); see also Wells, W. F., and 
Wells, M. W., /. Am, Med, Assoc., 107, 1698, 1809 (1936). 

Note also Magondeaux, B., French P. 729,022, March 9, 1932. 



Chapter 36 

The Physiological Effects of Ultraviolet Rays 


The success attained in the use of ultraviolet light in the treatment of rickets, 
surgical tuberculosis and certain other conditions discussed in subsequent chapters, 
stimulated a widespread empirical (and frequently non-critical) use of this treat- 
ment for a great variety of diseased conditions. Unwarranted and extravagant 
claims served to create an undeserved prejudice against even the proper application 
of this form of therapy. For this reason, before discussing in Chapter 38 the 
therapeutic applications in which ultraviolet light may serve a useful purpose, it is 
desirable to consider the present state of our knowledge of the general physio- 
logical effects of this form of energy upon multicellular organisms. The preceding 
chapters have laid the basis for this by enumerating the effects of the rays upon 
the chemical constituents of cells and upon individual cells as a whole. The way 
in which generalized irradiation of large areas of the body may produce altera- 
tions in the circulation, respiration, the composition of the blood and the growth of 
the body as a whole or of various of its organs may now be considered.* 

In the extensive literature many apparent contradictions abound. 

In part, these may be ascribed to inaccurate observations or to too hasty general- 
izations from an inadequate number of experiments. In part, they are due to a fail- 
ure to appreciate tlie necessity of controlling the spectral distribution of the sources 
employed. Much work calls for repetition under more adequate physical control. 
In the present survey, it has not been considered possible to undertake a detailed 
analysis of the adequacy of the experimental approach in the various investigations 
reported, since for the most part the results are not usually striking. A more 
critical treatment would demand a much larger amount of space than is justifiable 
in view of the fact that there are at present available several reviews and books. 
Only an outline of what appear to be the more significant conclusions is given 
here.^ 

Comparatively little work has as yet been done on the application of the Ein- 
stein law to biological systems, aside from that involved in the photosynthetic 
mechanism in plants and in the formation of vitamin D 2 .- There is thus a hiatus 
between the photochemical theories discussed and applied in Part II of this book 
and the treatment of the photochemical processes upon which must ultimately 
depend the physiological responses which occupy a large part of the remainder 
of this book. 

Early workers were inclined to the belief that ultraviolet rays act in some man- 
ner by virtue of photoelectric effects, produced when they strike the living organ- 


* The conversion of sterols into vitamin D and its application is deferred to Chapters 38, 39 and 40. 
» Laurens, H., “The Physiological Effects of Radiant Eneigy,” American Chemical Society Mono- 
graph Senes, New York, Reinhold Publishing Corp., 1933; “The Biological Effects of Radiation.” 
Edited b/ Duggar, B. M , 2 Vols., New York, McGraw-Hill Book Company, Inc, 1936. 

Review articles; Valentin, H.. Ztg,. 75, 982, 995, 1005 (1930); Chew. Ahs., 25, 120 (1931); 

Levine, V, E.. Arch. Phys. Jhcrapy. X-Rays & Radium, 12, 197, 267, 389 (1931)- Packard C. Quart. 

’ jp- P" W. Strahtenihirap^, Zl, 

234^(1933); dc loni, G., Btocktm. terap, sper., 22, 347, 577 (1935); 23, 75 (1936), 

•Warburg, O., Trans. Faraday Soc., 27, 551 (1931). 
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ism.^ This is now recognized to play a role of importance only when the wave- 
lengths employed are fat shorter than those available from the sources usually 
employed under the ordinary conditions of experimental work or practical therapy.'* 
Attention has been drawn by various workers to the |>ossibility that x-rays or 
radium may owe some of their biological actions to ultraviolet rays produced as a 
result of the fluorescence of some components of the irradiated systems. As yet 
this possibility has been relatively little explored^ 

There have been, among the many suggestions advanced to account for the 
general reactions underlying the utility of heliotherapy or artificial ultraviolet 
therapy, a few which have attained special prominence, at least for a time. One 
group of workers advanced the claim that the effects were due, not to the direct 
effects of the light rays upon the body surface, but rather to the production in 
the air of ozone or oxides of nitrogen which when breathed were indirectly responsi- 
ble for the effects produced. A leading sponsor of this theory was Kestner,® who had 
in mind particularly the use of a carbon arc source. Peemoller'^ asserted that only 
when the air through which the rays passed was breathed was it possible to 
observe any effect of the irradiation upon the blood pressure. This theory has 
been discredited by subsequent workers who have shown that the effects of irradia- 
tion on blood pressure cannot be detected if the subject (a dog) is exposed to the 
irradiated air but protected by filters from the direct action of the rays.® 

Another view was that physiological alterations may ensue as a result of a 
stimulation through the eye of the nervous control of the circulation. There is an 
experimental basis for this in the observation by Reed that in the dog® strong 
irradiation of the retina produces a depression of the blood pressure, usually accom- 
I)anied by a decrease in the heart rate, which eventually leads to a condition of 
shock unless the irradiation be discontinued. Nevertheless, there is little reason 
to believe that under ordinary conditions the reaction of the body to irradiation is 
brought about by nerve stimulation in the eye and this may be dismissed from 
further consideration. 

Current theories regard the behavior as a response to changes brought about 
in the skin. Most of the radiations are absorbed in very thin layers of the skin 
and do not penetrate to the lower tissues. One process which occurs in the skin, 
the conversion of certain sterols into the vitamins of the D group is definitely 
known to account for the beneficial results of irradiation in the prevention and 
treatment of rickets, and there is an accumulating body of evidence that this may 
also account, in part at least, for the beneficial results in tuberculosis. There are, 
however, undoubtedly other processes induced in the skin which are less well under- 
stood. The visible changes in sunburn have been attributed to the production of 
histamine-like materials which then act upon the vessel walls and produce the 
local erythema. Such substances may enter the blood stream and be carried to the 
nervous tissues which control the fundamental physiological processes. Such sub- 
stances may also conceivably exert a control through a local stimulation of certain 
afferent nerves. Vialc and Roncallo find that although irradiation of a normal 

»aark, J., Physiol. Rev., 2, 277 (1922). 

^ See, however, Saidman, J., Compt, rend., 189, 693 (1925); Gallerant, G., Boll. soc. Ual, biol. sper., 
11. 817 (1936); Chem. Abs., 31, 7759 (1937). 

»See Spiegel-Adolf, M„ Klin. Wochschr., 9, 1615 (1930). 

•KestTJcr, 0., Z. Biol, 73, 1, 7 (1921); 77, 245 (1922). 

Peeiti oiler, F., Klin, Wochschr., 2, 973 (1923); note also Secchi, C., Pediatria Rivista, 3S, HU 
(1927); Chem. Abs., 22, 1786 (1928). 

^Lanrens, H., and Mayerson, H. S., Am. J. Physiol, 84, 524 (1928). 

»Reed. C. I.. Am. J. Physiol, 65, 477 (1923). 

“Viale, G., and Roncallo, E., Boll soc. ital. biol sper., 10, 311 (1935); Chem. Abs., 30, 6Q14 (1936). 
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rabbif s foot cfepresses the blood sugar, this effect is not found if the nerves to the 
fool are first cut. Furthermore, section of the right vagus nerve at the neck also 
interferes with the fall in Wood sugar which usually follows irradiation.^^ 

Other views assume that light absorbed by the blood in dilated skin capillaries 
alters its constitution. Others view the circulatory effects as due primarily to the 
shift of blood into dilated skin capillaries, that is to a localized hyperemia. This 
view is particularly advanced in explaining the results of the longer wave-lengths 
used in heliotherapy. Sonne made determinations of skin and subcutaneous 
temperatures during irradiation, as a result of which he concluded that the visible 
^d shorter infrared rays produce local temperatures greater than those observed 
in fevers. His work is of importance in affording some measure of explanation of 
the differences in the effects produced by sunlight and carbon arc light from those 
due to the mercury arc which produces less of these rays and more of the short ultra- 
violet rays. 

Another group of German workers regard the effects of general irradiation as 
due to a generalized protein shock similar to that after the injection of milk or 
other non-specific proteins. The shock is assumed to result from the introduction 
into the circulation of the products produced by the destruction of proteins in the 
cells of the skin. This is particularly adapted to the explanation of the effects 
following mercury-arc irradiation. 

Rothmann believed the general response due to a lowering of the tone of the 
sympathetic system. 


Effects on the Skin 


During exposure of the skin to sunlight, an immediate reddening is usually 
ob^rved. This is a heat erythema due to the longer visible and infrared rays. 
It is not strictly localized in the irradiated parts and disappears shortly after the 
irradiation is stopped. 

The erythema due to the ultraviolet rays of sunlight is produced only after a 
latrat period of from one to ten hours. It is seen only in the irradiated areas and 
varies in severity with the intensity and duration of the exposure, blistering accom- 
panying the more intense or longer doses. The erythema persists for several days 
and is then replaced by an area of pigmentation, the upper epidermal layers scaling 
off. The pigmentation may persist for several months. These effects were first 
describ^ in detail by Finsen who employed a carbon arc as the source of light. 

During the erythema there is a widening of the capillary blood vessels and at 
its height, there is leucocytic infiltration and degeneration, particularly of the cells 
of the Malpighian layer. These later dry to a scale above a regenerated pigmented 
skin.^® 

Ultraviolet radiations are highly absorbed by the skin. Exact measurements 
of their penetrability are difficult because a portion of the shorter wave-lengths 
are converted by fluorescence into longer ones in the blue and other portions of 
the visible region and these have greater penetrability. Vies and Ugo find the 


Roncallo, E., Boll, toe, ital. bioL sper., U, 77 (1936); Chem. Abs., 30, 6063 
«■ Skani.. 5. 419 

^For histological details, sec Keller, B., StrafUentherapie, 16, 52 (1924): 28. 1S2 (1928)* Uhl- 
14V14s, F., and Ugo. A.. Compt rond, toe. bioU, 123, 226 (1936); Chem. Abt., 21, 713 (1937). 



PMtSiOLOmCAL BPFBCTS OF VLTRAVtOLBT RAYS 735 


fluorescence spectrum of shaved rat skin to be in part that of the proteins and in 
part that of cholesterol Pauli states that the fluorescence curve is to a large 
extent coincident with the erythema curve. Rabbit skin shows a fluorescenoe 
between 5400 and 4200 with a maximum at 5000A. That of human skin has its 
maximum at 4600A. 

Hasselbalch gave the results indicated in Table 24 for the penetration of the 
rays from a Kromayer water-cooled quartz mercury lamp. Anderson and Macht,^® 


Table 24.*— Penetration of Rays from Kromayer Lamp. 

, Wave Length in MiUimicrons— — 

436 405 366 3S4 313 302 297 289 


Per cent transmitted by 
^in 0.1 mm. thick 

59 

55 

49 

42 

30 8 

2 

0.01 

By skin 1.0 mm. thick 

0.5 

0.3 

0.08 

0.02 

0.006 




who agreed that dead skin is practically opaque to wave-lengths shorter than 
3660A, claimed that live rabbit skin has a much greater transparency, transmitting 
from 6 to 10 per cent of the energy at wave-lengths between 2537 and 3000A. 
Bachem and Reed,^^ however, were able to find but little diflference between live 


io 



Figure 148. Transmission Curves for the Various Skin Layers (Bachem and Reed, 
American Jou/rml of Physiology). 


and dead skin if the specimen was kept moist and tightly stretched. They found 
the wave-lengths of the near infrared and visible regions strongly ab.^orbed by the 
blood of the corium and subcutaneous layers. The far infrared rays have very 
little penetrating power and are absorbed in the epidermis. Some of their data 
are reproduced in Figure 148, The absorption of a band with maximum at 2800 A 
is very great in the corneum and prickle cell layers. On both sides of this band 
near 3000 and 2500A, the penetration ts greater, more radiation reaching the 
Malpighian layers and the corium. 

« Pauli, W. E., Sttahlmtherapie, 26, 577 (1927); Chem. Ahs , 22, 3672 (1928). 

« Hasselbalch. K. A., Skand, Arch. Physiol, 25, 55 (1911); Chew. Abs., 5, 2862 (1911). 

^•Anderson, W. T., Jr., and Macht. D. T., Am. /. Physiol, 86, 320 (1928). 

^Bachem, A., and Reed, C. I., Am J. Physiol, 97, 86 (1931); 90, 600 (1929). 
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Bachem^^ has also given data on the ultraviolet transparency of the various 
layers of the human skin. Figure 149 indicates that the horny layer is very trans- 
parent in the visible and near ultraviolet. At 3000A a strong absorption band 
begins, which has its imiximum at 2800A and then diminishes to a minimum at 
2600A, increasing again at shorter wave-lengths, and recalling the absorption of 



Ficvre 149. Absorption Curves for V^arious Skin Layers (Bacheni, 

American Journal of Fhyswlogv). 

the proteins. The granulosum layer absorbs somewhat more visible light. Most 
transparenc is the germinating layer. The corinm dilTcrs in showing the greatest 
absorption for the visible light. It also shows no absorption maximum at 2800A 
and has somewhat lower absorption coefficients in the more extreme ultraviolet 
range, Bachem believes the erythema to originate in the stratum gerniinativum 
or coriuni under the shadow of the upper layers. 

Lucas has discussed particularly the difficulties involved in this type of 
measurement, lie expressed his results merely in terms of the relation between 
the logarithms of incident and transmitted light. His observations indicated the 
skin used to be a hundred to ten thousand times more opaque than that studied 
by Hassell )alch, much of the loss of radiant energy being due to scattering. In 
the living animal, however, much of the scattered light may not be lost to the 
animal. Lucas was unable to detect the passage of any line shorter than 3130A 
through 0.2 mm. of skin in exposures less than 24 hours. With very thin speci- 
mens of epidermis obtained from blisters of the forearm, Lucas obtained the results 

“Bachern, A., Am. /. PhysioL, 91, 58 (1929). 

Lucas, N. S., Biochem, A, 25, 57 (1931). 
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of Figure ISO, which appear to resemble greatly the curves for the absorption of 
the amino- acids, tryptophane and tyrosine. These observations appear chiefly of 
viilue in demonstrating the extreme difficulty of the prol)leni of measuring the 
absorption of the skin as a whole, since they had to ^>0 limited largely to the 
epidermis. They do, however, demonstrate that the penetration of ultraviolet rays 
cannot he more than very slight. Pauli claims that glycerol containing a little 
alcohol is tlie best agent for increasing the ultraviolet permeability of the skin. 

By the use of a monochromator, Hausser and Vahle determined the relative 
degrees of erythema produced by the various mercury-arc lines, each being adjusted 



5 

w 

o 
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Figure ISO. Absorption of Skin from a Blister (From Lucas, Biochemical Journal), 


to the same intensity. They found a maximum sensitivity at 2970A, the effect 
beginning at 3130A. Wave-lengths in the visible and longer ultraviolet had no 
effect. Adopting the intensity of the erythema produced by the 2970A line as 100 
per cent, the relative values found on irradiation by the other wave-lengths were 
found to be as indicated in Table 25. In later work, they found a second maximum 

“Pauli, W. E„ SiraMenfherapie, 26, 577 (1927); Chem. Abs., 22, 3672 (1928). 

“ Hausser, K. W., and Vahle, W., Straklentherapie, 13. 41 (1921); 27, 348 (1928); Henri, V., 
and Moycho, V., [C&mpt. rend, 1S8, 1509 (1914)1 early placed the maximum irritating effect on rab- 
bit’s ear at 2800A. 
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TaWe 25*-- Elfact of Wavc-Lcngtfa on Etythema. 

Wtvc<i;*e4»gth (A) Erythema (%) 

Greater than 3130 None 

3130 4.5 

3020 58. 

100 . 

2890 30 

2800 28 

at 2500A. Ltickiesh, Holladay and Taylor, using a filter method, confirmed the 
existence of the maximum at 297GA but found at the shorter wave-lengths values 
which tended to increase steadily from a minimum at 2800A to 2400A, the shortest 
wave-length studied. They also studied the reflectance of the skin for various 
wave-lengths and found it very low for wave-lengths shorter than 3 100 A. The 
erythema results of Coblentz, Stair and Hogue tended, however, to resemble 
more closely the values of Hausser and Vahle than those of Luckiesh, Holladay and 
Taylor at the region near 2540A. Figure 151 compares the results of these 
workers. 



Figure 151. Relative Erythema! Effectiveness of Equal Amounts of Radiant Energy at 
Various Wave-lengths. Curve A, according to Hausser and Vahle, 1921 ; B, accord- 
iiw to K, W. Hausser, 1928; C, according to Luckiesh, Holladay and Taylor, 1930. 
(Luckiesh, Holladay, and Taylor, Journal Optical Society of America), 


The energy required to produce a minimal perceptible erythema on a sq. cm. of 
untanned skin by the wave-length 2970A is, according to Coblentz, Stair and 
Hogue, of the order of 500,000 ergs. There is considerable variation in different 
persons and in different parts of the body of a given person.^"^ 

Luckiesh and Taylor find that to produce tanning, exposures to artificial 
or natural sunlight sufficient to give an appreciable erythema are required. 
Repeated suberythemal doses usually do not tan, although they may be effective 
in the cure of rickets. With an S-4 sunlamp emitting chiefly narrow bands at 
2967, 3022 and 3130A, an exposure of four minutes at a distance of 2.5 feet was 


“Luckiesh, M., Holladay, L. L„ and Taylor, A. H., J, Opt. Soc. Am., 20, 423 (1930). 

6 54p?5T*fi932) Hogue, J. M., Bureau Standards L Research, 7, 723 (1931); 

f Sec al^ Adams, E. Q., Barnes. B. T^ and Forsythe, W. E., /. Opt Soc. Am,, 21, 207 (1931); 
M. Luckiesh and A. H. Taylor, J, Am. Med. Assoc., 112. 2510 (1939). 
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found necessary to produce on the human arm a minimal perceptible er 3 rthema 
visible one day after the irradiation. To produce a minimal perceptible tanningr 
visible two months later, an exposure of 7.5 minutes wai required. These authors 
also give a curve showing the relative tanning effectiveness of various wave- 
lengths, It is in general similar to the erythema curve except at the regions on 
either side of the maximum. Wave-lengths of 2500-2600A are ineffective in tan- 
ning, although they may cause a strong cr 3 rthema. There is some evidence that 
wave-lengths longer than 3300A may produce immediately after exposure a brown- 
ish pigmentation with but little inflammation. This is of little practical signifi- 
cance since the energy densities and times of exposure required are prohibitive. 

Mechanism of tHE Production of Erythema and Pigmentation 

It must be noted that the maximum of erythema production at 2970A corre- 
sponds to the absorption maximum of no known cell constituent, notwithstanding 
the observations of Lucas upon the epidermis alone, in which there was observed a 
fair degree of similarity to the absorption of proteins. That the wave-length of 
greatest absorption lies in the region of the least formation of erythema has been 
interpreted by Hausser and Vahle and by Bachem to indicate that erythema is a 
process effected in the deeper layers rather than in the epidermis. TTbere is evi- 
dence that the erythema produced by wave-lengths of 2500A differs in character from 
that produced at 2970A in the shade of redness particularly. The reaction to the 
shorter rays is produced more rapidly and is more transient than that due to the 
longer ones and, for the same degree of redness, results in less pigmentation, pro- 
vided the exposure to the short rays is insufficient to produce a severe and lasting 
burn. 

Frankenburger 28 noted that the absorption of tryptophane and tyrosine occurs 
at wave-lengths about 200A on the short wave-length side of the erythema curve. 
He points out, however, that in alkaline solutions, the absorption of tyrosine at 
least is shifted to the longer wave-lengths in closer correspondence to the erythema 
curve. Since this shift is due to salt formation of the phenolic hydroxyl group, 
it could conceivably also occur when the amino- acid is bound in a protein. For a 
given incident energy, he calculated the energy effectively absorbed by the tyrosine 
contained in 80 micra of epidermis beneath 25 micra of comeum and compared it 
with that of alkaline tyrosine solutions in concentrations roughly equivalent to 
those in the tissues examined. From the marked similarity of the resulting curves 
he concluded absorption by tyrosine to be essential to the production of erythema. 
Although the tyrosine absorbed only from 4 to 13 per cent of the total incident 
energy at 2970A, it was believed that this was sufficient to produce the erythema. 
Frankenburger also irradiated 0.4-per cent aqueous soluti^ins of Ltyrosine in 
quartz tubes with unfiltered light from a mercury arc. In air-free water no chem- 
ical or spectrographic changes could be detected within six hours. But in the 
presence of air, the tyrosine quickly changed through a yellow to a deep brown 
color and carbon dioxide was evolved. Frankenburger believed, as many have, that 
tyrosine forms first oxindo- compounds and then melanins which are components 
of the pigment of the skin. During irradiation the absorption increased and 
extended into the visible region in agreement with the spectra of melanins. 
Spiegel-Adolf obtains photosynthetic melanins by irradiating tyrosine or trypto- 
phane in alkaline solution or phenylalanine in neutral solution.^® 

* Frankenburger, W., Saiurwiss., 21, 116 (1933). 

*» Spiegel-Adolf, M., Biochm, /., 31, 1303 (1937). 
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That the process underlying erythema formation is not that of a simple protein 
coagulation tvas the conclusion of Clark from a comparison of the temperature 
coefficients of the two types of reaction. That for er^hema formation is 2.3 in 
human and 1.9 in frog skin, but that of the coagulation of proteins (at least in its 
second stage) is very high, being over ten. 

The production of melanin by irradiation of the skin has been effected by 
Lignac/"*^ but irradiation of four minutes produced the same amount of pigmenta- 
tion in live skin as several hours of irradiation in dead skin.^^ Schmalfuss, Buss- 
mann and Nickelsen^'^ believe skin contains other dye-forming substances than 
tyrosine, capable of darkening without enzymes in light. Intense solar irradiation 
of a normally pigmented individual causes the appearance of a melanin reaction, 
the Thormaehlen reaction, in the urine, but this is not observed in the case of 
previously irradiated and tanned individuals.^^ 

The administration of vitamin C does not affect the pigmentation of human beings 
following ultraviolet irradiation, according to von Drigalski “ On tlie other hand, 
S^ade*‘* believed the daily administration of this vitamin for ten days after irradiation 
with an Alpine lamp prevented subseciuent pigmentation. Balakhovskii ” claimed the 
application of carotene in water or dilute alcohol to be beneficial in curing ultraviolet 
burns. 

Lewis has long considered histamine or histamine-like substances of impor- 
tance in the production of erythema, whether by irradiation or by heat, mechanical 
or electrical causes.^^ The mechanism of their liberation by irradiation does not 
appear to be a nervous one, since er 3 dhema may be produced after the nerves 
supplying the skin have been cut. Novocaine injected intraclermally does lessen 
erythema formation, but this may be due to an internal filtering action. Krogb 
believes that, although histamine may he formed, the predominant dilating com- 
pound in ultraviolet erythema must be a material of extremely low diffusibility. 
Otherwise it would diffuse into the blood through tlic enormous surface of the 
dilated blood vessels and thus be lost. 

In a preceding chapter, mention was made of the belief of Ellingcr that 
histamine may be photochemically produced by the decarl^oxylation of histidine. 
Frankenburger, however, pointed out that the absorption of histidine is great only 
at wave-lengths too short to permit the erythema curve to be accountcci for by a 
direct action on histidine. He did, however, suggest that when this amino- acid 
is bound in peptide linkages, its absorption spectrum might be sufficiently displaced 
toward the longer wave-lengths to permit some absorption and photochemical 
change. He also described the production of a new absorption band at 3150 to 
3200A during the irradiation of histidine solutions in the absence of oxygen. This 
new absorption did not resemble that of histamine, and histamine itself when 
irradiated also exhibited a new type ot longer wave-length absorption. From his 

W Clark, J., Am. /. Hyg., 24, 334 (1936). 

Lignac, G., Nederland Maanschr. Gencesk,, 16, 496 (1930); Chem. Abs., 24, 1873 (1930), 

See also Lovisatti, N., IForsch. Geb. Rbntgcnstrahlen, 44, 2 3 5 (1931); Chem. Abs,, 25, 5679 
(1931)3 for the function of the melanotic pigments m increasing the ultraviolet tolerance. 

Schmalfuss, H., Ilussmann, G., and Nickelscn, O., Arch. Dermatol, Svphxl. 175, 39 (1937); Chem 
31, 5422 (1937). ' 

wRiaak, E., and Asperger, H., Khn. Wochschr., 11, 154 (1932); Chem. Abs, 26, 3553 (1932). 
a® von Drigalski, W., Klin IVochschr.. 13, 1374 (19341; Chem. Abs., 29, 1138 (1935): Tenchio, F., 
KHn. Woch., 13, 1511 (1934); Chem. Abs., 29, 1139 (1935). 

*“* Schade, H., Kim. Woch., 14, 60 (1935); Chem. Abs, 29, 4045 (1935). 

Balakhov.skiT, S, Cofhpt. rend. acad. sc%. U R.S S., 1, 28 (1934); Chem. Abs., 28, 2736 (1934). 

Lewis, T., “The Blood Vessels of the Human Skin and Their Responses,” London. Shaw and 
Sons, 1927, 

»Krogh, A., “The Anatomy and Physiology of the Capillaries,” New Haven. Yale University 
Prfcps, 1929. 
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observations it would appear that in irradiated histidine soltrtions, histamine could 
at best be present in very slight concentrations, probably insufficient to account for 
the vasodilatation of erythema, EUinger^® found no difference in effects on the 
blood pressure of the cat or on the surviving guinea pig^ intestine of extracts pre- 
pared from skin before and after ultraviolet irradiation. Frankenburger concludes 
that the erythema reaction is a complex one, since strong erytliema can be pro- 
duced in the range of wave-lengths (3100 to 2750A) which fail to affect histidine. 
Accordingly, if histamine or some other erythema-producing substance is formed 
it must be indirectly produced. He also suggested that the changes induced in 
tyrosine are accompanied by changes in the protein of which it forms a part 
that these are of a nature which increases the permeability of the membranes 
releasing substances of histamine-like nature normally present in cells. 

Various workers have attempted to correlate the temperature of the skin when 
irradiated with the severity of the effects produced. Thus, Shattock and Waller^' 
believe that if the tissues are heated simultaneously with or shortly after exposure, the 
erythema is delayed or suppressed. On the other hand, exposure to heat before the 
irradiation increases the erytliema produced. HilP^ and Eidinow also believed that 
hyperemia tends to increase the effects of irradiations with the quartz lamp. Schall and 
Alius," and Cramer and Fechner," however, found little if any such effect. 

Lehner and Urban" observed that repeated exposure of a definite area of normal 
skin produced after the first few treatments a more prompt and intense reaction, but 
after about three treatments there was little itching and scarcely any hyperemia. At 
the same time the spot so treated became less sensitive to other irritants, such as the 
injection of morphine. Ten minute.s after the exposure of the entire back to the lamp, 
the skin of the breast or upper arm was more sensitive than normally to the injection 
intracutaneously of morphine solutions, but this hypersensitivity persisted for only 
thirty minutes. It has been .stated that by giving repeated doses the skin may be 
induced to develop a tolerance to ultraviolet light so that the sen.sitivity may be reduced 
to as low as 8 per cent of its normal value for the individual. The filtering action of 
the pigments produced may play some part in this acquired tolerance, but other factors 
are probably concerned. Relatively little is known exactly about the production of 
tolerance. Antibodies do not seem to be concerned. 

Sensitization of the skin has been observed. After rats have been injected intra- 
peritoneally with chlorophyll, the erythema and hyperemia produced on irradiation of a 
portion of the skin were much more pronounced than in iminjected animals, according 
to Fulchignoni." There has also been reported a case in which an alcoholic solution 
of chlorophyll when rubbed on the skin penetrated to the deeper layers and sensitized 

it so that a short exposure of the treated part to red or to ultraviolet light produced 

erythema, although the surrounding untreated parts were unaffected Proft" found 
some soaps to increase the erythema dtie to light. This he believed to be independent 
of the presence of a sensitizing dye such as chlorophyll or the pigment of linseed oil, 
and also independent of the horny epithelium. Instead, he believed it due to the 
presence of free alkali. A weakened erythma results from the use of oils, fats and 
imdissolved soaps and absolute protection was afforded hv a 10-per cent alcoholic sali- 
cylic acid solution. The pH of the skin alters its light sensitivity, according to 

Marchionini and HovelbOrn," who found that pretreatment wit|n a salve of pH 2 7 
increased its sen.sitivity. Skin treated with an alkaline salve req\iired two atid a half 

ElHnjrer, F., Arch. Etp Path Pharmakol., t49, 343 (1930). 

Shnttock, F., and Waller, M. D., Lancet, II, 917 (1929). 

Hill, L., and Eidinow, A . Lancet II, 299 (1924): see also Torok, L , Lehner, E , and Urban, F., 
Kmnkkeitsforsch , 5, 293 (1927); Chetn. Ahs., 22, 4167 (1928) 

*» Schall, L, and AHu«, H. J., Strahlentherapie. 26, 649 (1927); 27, 769 (1927-8). 

« Cramer, H.. and Fechner, G., Ibid, 39, 474 (1931). 

Lehner, E, and Urban, F., Krankheitsforsch . 4. 381 (1927); Chem Abs , 22, 4166 (1928). 

Fulchignoni, F., Boil soc. Hal, hiol. sper„ 11, 428 (1936); Chem, Ahs., 1053 (1937). 

Kitchevat?, M., Compt. rend, wc hiol, 116, 675 (1934); Chem, Ahs., 28, S839 (1934); Ann. de 
Dcrmat, et Syph.. 5, 293 (1934) 

«Proft, H., Strahlentherapie, 40, 351 (1931); Chem Ab.t., 25, 3675 (1931). 

^Marchionini, A., and Hovelhorn, C., Arch. Dermatol. Syphilis, 174, 251 (1936); Chem, Ah^,, 30, 
7591 (1936). . 
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toe« tu much esn^^ure m the acid-treated skin te produce an erythema. Papcfce" 
DCMev^es aoministratiotj of an isotonic mixture of calcium, potassium and mag^ 

nesira smts to decrease the erythemic response. 

Irradiatfpn of the skin of the guinea pig previously injected with methylene blue 
decploriz^ it itreversibly. The skin of the frog similarly colored is dccoloriaod in 
but the color is restored on irradiation.*^ Wohlgemuth and Sugihara*® found 
suitable irradiation of a guinea pig with natural or artificial sunlight to cause in the 
skin an incre^e of the enzyme phenolase, some decrease in lipase and a notable decrease 
m djastaae. The blood enzymes were not affected. Other workers have shown thera- 
peutic doses of ultraviolet light to affect the intracellular oxidase, peroxidase and 
^talase at the skin. Natural sunlight injures somewhat the ability of the skin to produce 
laaic acid* but artificial sunlight is more injurious and x-rays even more so.®* Har- 
uf irradiation of the skin up to beginning erythema to affect the diffusion 

ot cblOtide, calcium and potassium ions. Changes in the contents of water* sodium, 
potassium and calcium in the pigmented skin of rabbits after its irradiation by ultra- 
proceed in the same direction and reach the same values as in unpigmented 
j ? cemtents of sugar and glycogen in pigmented skin are less than in unpig- 
mOTCd slan, but the changes on irradiation proceed alike. No habituation could be 
ooserred m the changes in mineral and carbohydrate metabolism of the skin after 
Irradiation. 

Skin irra^ated with ultraviolet light shows an increase in cholesterol content of 
from 7 to ISO per cent, according to Roffo.*® The skin from various parts of the face 
contams from two to sev^ times as much cholesterol as skin from the abdomens of the 
same persons, and the distribution in the face is roughly proportional to the amount 
of e^osure to the sun. Roffo also believed that there was a direct relationship between 
me frequpicy of skin tumors and the proportion of cholesterol in the skin. If white 
TOS are m darkness there is a lowering of the cholesterol content of the skin.*” 
inese results were confirmed by Kawaguchi.® 

^ Loei^ and Cronheim® find that the non-protein nitrogen of rat or guinea-pig skin 
IS not affected by five h<mrs of irradiation. The chlorine content decreased either in 
aarraess or under ultraviolet irradiation. Potassium was lowered by irradiation and 
unaftectM by dar^ess in the rat but increased in guinea-pig skin. Magnesium was 
increased by irradiation but the calcium content was not altered. Beck® claimed local 
applications of a Vitrisol preparation made by prolonged irradiation of spinach gave 
good results m the treatment of acne vulgaris and lupus vulgaris. In the repair of 
cutaneous lesions, cholesterol has the greatest healing action, followed by irradiated 
ergosterm and then ergosterol.** It has been stated that in scleroderma, treatment with 
massive doses of the vitamin reduces the abnormal calcium deposits from the skin before 
• L'-L* from the bones.® The antigen-antibody reaction in skin is 

inhibited by ultraviolet irradiation, according to Albus and Feldermann.® The total 


»Pat)ek€, G., Arch. DtrmaM Syfhilis, 16S, 476 (1933); Chem, Ahs., 28, 525 (1934). 
(1937^^*^^^*' ‘Pm and Rochette, J., Compt, rend. soc. bioL, 122, 221 (1936); Chem. Ab.t., 31, 3069 

«« WoWgmuth, J., and Sugihara, K., Biochem 7.. 163, 260 (1925). 

»Wohlgemttth, J., and Tkebaka. T., Biochem. Z., 186, 43 (1927); Chem. Ahs., 21, 3632 (1927). 
MHarpuder, K., Z. ges. Expil. Med.. 76, 724 (1931); Chem. Ahs., 26, 4R34 (1932) 

». 169 . 175 

-..® estndw cancer. No. 39, 358. 390 (1935): Roffo. A H.. Jr.. 


Jr., Bol. insf med. expfl. esfudio cancer, 14, 447 (1937); Chem’. Ahs.'. 32,’ 3812 0938).’ 

®Sawagnchi, S,. /. Btochem Japan, 15, 111 (1932); Chem. .Abs.. 26, 2995 (1932)* see also Choro- 
rak, T., 7. Physiol. Path. GH., 31. 408 0933); Chem. Ahs., 28, 3473 0934). 

»Ix>ewy, A., and Cronheitn, 0. Biochem. Z., ^6, 411 (1932). 

tr****?*S^« wfd. Woschr.,7^ 1129: C/tm. Abs., 22, 4655 (1928). For the use of 

Viostcro! m acne, see Doktorsky, A., and Pl.att. S. S., r. Am Med. Assoc., 101, 275 (1933), 

«Xautmt, E., Sperimeniale. 89, 712 (1935); Chem Ahs., 30, 7696 0936)* see Kemmler W Mitt 
Grensg. Med. Ckir., 43. 4S3 (^1934); Chem. Ahs., 29, 5927 (1935) JS.emmler, H.. Mitt. 

1487 35. 188 (1937); Ckem. Ab].. 31, 

♦ Albus, G., and Feldermann, F., KHh. Woehsekr., 17, 1702 (1938); Cftein. Abi., 32, 6677 (1938). 
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glutathimiA of rabbit stdn i^peats to be tncreaaed followitig irradiation, prbbatdy because 
of a disintegration of tissue proteins,** , 

Sunburn Creams and Protective Salves, A groa| number of skin creams 
for the prevention of sunburn are on the market and some contain materials which 
simulate a tan.^® Malowan®® states that the ointments which protect fluoresce 
strongly in ultraviolet light. Prominent constituents are naphtholsulfonic acid, 
and esculin and its homologs, Eder and Freund®"^ propose salves or emulsions 
containing in addition to esculin or naphtholsulfonic acid, Hthopone or a com- 
pound of titanium. Dunning suggested the use of the sodium salt of a mono- or 
di-sulfonic acid of o- or p-hydroxybiphenyL Hall employs a polyhydric alcoholic 
ester of salicylic acid, such as glycerol or glycol mono-salicylate with a mineral 
oil, or with stearic acid, lanolin, beeswax, etc. Stockelbach employs menthyl 
salicylate in a vehicle of alcohol, an oil or a cosmetic cream for preventing sun- 
burn- Risler mixed a phosphorescent zinc sulfide with about six times as much 
of a cream phase made by heating and mixing together stearic add 170, glycerol 
210, water 569, and 10-per cent aqueous ammonia, 50, When cold, one part of 
violet essence was added. 

The I. G. Farbenindustrie proposed such substances as aryl benzimidazoles 
or aryl benzothiazoles. Issermann, Ohlsson and Orelup propose about O.S to 1 
per cent of an amino- or substituted amino-benzoic acid, as benzylammo-<?-benzoic 
acid, in peanut or almond and mineral oils."^® Jordan suggests dibenzalacetone as 
an effective component.^^ 

In the past, quinine bisulfate was frequently employed in salves to act as an 
internal filter.’^® Other materials specified in the I. G, Farbenindustrie patents 
included stilbene, 2-phenylindole, of-phenylcinnamonitrile, 2-phenylquinoline,N-acetyl- 
carbazole, ft-methylnaphthoxazole and 2-acetyl-3-bromoindazole, Schwarz suggests 
a cream containing oak bark extract,^® Sodium phenylbenzimidazolesulfonate or 
other substances with sharp absorption of wave-lengths in the range 3200 to 
3500 A are claimed by Merkel and Wiegand to absorb noxious rays without exclud- 
ing tanning rays.’’^'^ 

It has been claimed that sunburn does not follow exposure after vitamin C has 
been given intravenously and bergamot oil has been applied to the skin.*^® 

•^Matusis, I. I., and GrechanoyskU, Bull, biol, med. eseptU U,R.SS.» 3, 489 (1937); Chem, Ahs,, 
32, 8449 (1938). 

®For general discussions see: Lendle, A,, Pkarm, Zig,, 81, 903 (1936); Stambovsky, L., Drug and 
Cosmetic Ind„ 36, 551, 554 (1935); Van Itallie, P. H., Drug Trade Mrws, 12, No. 8, 41. 44, 4^5, 47 
(1937) I Augustine, J.. Riechstoff Ind, KosmeHk, U, 218 (1936): Kail, P„ Ibid., 12, 92 (1937) ; Good- 
man, H., Am. Perfumer^ 34, No. 6, 47 (1937); Bfibmc, H., and Reichert, B., Arch. Phatm., 275, 437 
(1937); Kalisch, J., Drug Cosmetic Ind., 42, 52 (1938); Heber, C. F., SvenJtk Kern, Tids., 50, 144 
(1938); Calamc, A., Seijensieder-Zig., 65, 4S6 (1938); Gattcfoss6, Parfumerig moderne, 32, 97, 113 
(1938). 

«Malowan, L. S., Seifensieder-Ztg., 61, 335, 353 (1934); Chem. Ahs., 28, 4836 (1934), 

«Eder, J. M., and Freund, L., Austrian P. 138,527, Aug. 10, 1934; Ck$m. Abs„ 2S>, 558 (1935). 

•Dunning, F,, U. S, P, 2.015,005, Sept. 17, 1935; Chem. Ahs., 29, 75 87 (1935). 

•Hall, R. A., V. S. P. 2,081,117, May 18, 1937, to Colgatc-pilmoHve-Pcct Co.; Chem. Abs., 31, 
Sin ( 1957 ). 

»» Stockelbach. F. E.. U. S. P. 2,041,874, May 26. 1936; Chem. Abs., 30, 5000 (1936). 

Risler, J., U. S. P. 1,779,891, Oct. 28, 1930; Chem, Abs., 25, 174 (1931). 

« French P. 770,912. Se|>t 24, 1934, to I. G. Farbenlnd. A.-G.; Chem, Abs., 29, 892 (1935); Brit- 
ish P. 435,811, Sept. 30, 1935. 

w Issermann, S., Ohlsson, E., and Orelup, J. W., V, S. P. 2,102,712, Dec. 21, 1937; Chem. Abs., 
32, 1410 (1938). 
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Secerov^ fotiii4 that after five to forty hours of exposure to ultraviolet rays 
the hair of a white gftiiuea pig: became yellow. In rats the production of alopecia 
by thaHimn is said to be reduced or retarded by the action of ultraviolet rays, 
which also accelerate the regeneration of hair in the bald spot.®^ 

Light may be concerned in the production of argyria, the deposition of silver 
in the skin, after internal administration of silver salts.®^ The same may also be 
true of chrysiasis, the deposition of gold, after prolonged treatment with the gold 
compound, Sanocrysin,^* 


Metabolism and Circulation 

Only after very intense irradiation is the general body temperature elevated. 
When a sufficient amount of tissue damage has been done there may be a fever 
similar to that which follows the injection of protein destruction products. The 
effects of irradiation upon the basal metabolism are of little importance. During 
irradiation it may be increased by as much as 18 per cent, but it quickly returns 
to normal on the cessation of irradiation and remains unchanged during the 
er3rthema state.®® Harris found that ultraviolet radiation exerts a stimulant 
action on the gaseous metabolism of small animals and on the movements of the 
isolated stomach of the frog. This stimulus he believed to be completely annulled 
by visible radiation, the antagonism being physiological rather than physical. ITe 
also stated that exposure of an animal to the mixed radiations of a powerful 
source of light depresses its heat production, the depression being greater in pig- 
mented animals than in albinos. 

No effect on the basal metabolism of healthy men, mice or rats could be 
observed by Campbell on exposure to a mercury-vapor lamp, or to its rays 
when filtered through Uviol glass, or to visible light On the other hand, Sonne 
found that the oxygen consumption of the chrysalids of the meal worm could be 
accelerated by light energy of from 1 to 200 gm. cal. per minute per sq. cm. The 
shorter wave-lengths had the greater effect. There was an increase of about 
40 per cent during an exposure of 45 minutes to the unfiltered light of a Kromayer 
lamp, of about 20 per cent when a glass filter was used and of about 10 per cent 
when both a glass filter and a methylene blue filter were used. Yellow light had 
no influence on the respiratory metabolism. An increase of about IS per cent per- 
sisted for several hours after irradiation by unfiltered light, but there were no 
after effects following irradiation by filtered light which eliminated the central 
band of ultraviolet frequencies. 

Crofts observed a 14-per cent fall in oxygen consumption in canaries on 
ultraviolet irradiation. This was followed two to six days after the exposure by 
a rise of 21 per cent In normal rabbits and in six normal human subjects, no effects 
were noted which could be ascribed to the irradiation. Lippmann and Volker 
found a slight increase in human subjects (10 to 18 per cent) but the metabolism 

Secerov, S., Cfimpt rend., 158, 1826 (1914). 

Busclike, A., and Vanarhelyi, J., Kfin. JVochschr., 11, 678 (1932); Chem. Abs,, 27, 779 (1933). 

« Lenartowicz, J., and Jalowy, B., Arch. Dermatol. Syphilol., 9, 48.3 (1938); Chem, Abs., 32, 
9266 (1938). 

Schneidewind, A., Albertal, M., and Trajtenberg, S., Rev. asoc. med. argentina, 52, 792 (1938); 
Chem. Abs„ 32, 9264 (1938). 

«»See, however, Kestner, 0., Peemoller, F., and ‘Plant, R., [Klin. Wochsrhr.^ 2, 2108 (1923)1, 
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WBbnne, C,, Acta Radiol. Skand., 5, 419 (1926); Chem. Abs,, 21, 1139 (1927). 
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returned to normal shortly after the irradiation was discontinued The adminis- 
tration of iodine did not increase nor prolong the effect. Melka found a 14- to 
47-per cent increase in oxygen consumption in persons/ exposed to the noon J^ly 
sun. It has been stated that in certain persons tlie quart? mercury lamp may 
produce a fall in total metabolism. This is the effect when the blood bilirubin 
is high, or if the skin is abundantly pigmented or if there has been an excessive 
consumption of buckwheat. The effect is ascribed to photosensitization.®^ 

Pincussen®^ found solar irradiation to stimulate the protein metabolism of 
rabbits as shown by an increased nitrogenous excretion. This was still further 
increased by sensitizers such as dyestuffs and potassium iodide. Liebesny®® fed 
two dogs on a constant diet of horse tripe and found exposure to the ultraviolet 
rays from a mercury-vapor lamp to cause an appreciable reduction in the volume 
of urine and in the total nitrogen, creatinine, and neutral sulfur content. Yoshine 
observed a slight rise in the positive nitrogen balance of irradiated dogs if the 
exposure was short, but this changed to a negative balance when longer exposures 
were given. Longer periods of irradiation led tO' disturbances in the absorption of 
nitrogenous substances in the intestine andf'to a refusal of food. The slight irradi- 
ation which caused the positive balance consisted of a one-hour irradiation on each 
of eight consecutive days. The severe irradiation consisted of four hours of 
exposure daily. Fontes and Yovanovitch®® believed that the exclusion of light 
decreases the nitrogen metabolism nearly to the level attained during sleep, and 
that the decrease during sleep while exposed to light is less than that in sleep in 
darkness. On the other hand, Mayerson, Gunther and Laurens®® found that in 
adult dogs transient increases in the endogenous nitrogen metabolism, and in the 
absorption of calcium and phosphorus from the intestine, resulted when the animals 
were taken from light to darkness or vice versa. It was concluded that any devia- 
tion from the usual supply of radiant energy acts as a transient stimulus to these 
metabolic processes. 

Exposure of normal men, women and children to summer sunlight or to a 
carbon arc causes an increase in creatinine excretion during the period of irradia- 
tion, according to Eichelberger,®'^ but for a few hours subsequently there is a 
decreased excretion. No effect was observed on the excretion of creatine or on 
the basal metabolic rate. 

Nothhaas and Schadow ®® studied the nitrogen balance of a series of children, 
first in Hamburg and again at the sea-shore. In spite of inadequate diet, nitrogen 
retention is increased under the latter conditions, even although the weight may 
not be increased. Other children remaining in Hamburg and treated with arti- 
ficial ultraviolet light showed irregular effects, b\it in some a positive nitrogen 
balance was obtained. 

wCroftB, E., Am. J. Hygiene, 8, 1014, 1024 (1928); Chetn. Abs,, 23, 2466 (1929). 

»«Lipimiann, A., and Volker, H. Khn. Wo<hSihr.. 7, 213 (1928); Chem. Abs., 22, 1168 (1928). 

J.. Bratislava Lekarske Listy, 6, 50 (1926); Chem. Abs., 22, 4137 (1928). 

Mason, D. H-, and Mason, H. H., Arch. Int. Med., 39, 317 (1927); Chem, Abs,, 21, 2303 (1927). 

Summarizing lectures on the cflFect of light on metabolism have been given by Pincussen, L., 
Strahlcntherapic, 48, 308 (1933) and by Mangold, E., Ibid., 319, 

•wf Pincussen, L., Biochem. Z., 150, 36 (1924), 
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Bayeri, Bmck, Gome and Rothmann,*^® believed irradiation of 
|>iga wi^ infrared, visible and ultraviolet light to cause, in general, increased 
elimination of total nitrogen and of purines. 

The discrepancies in these reports are due, in part, to the differences in the 
subjects and the nature and duration of the exposures, and in part to the time 
following irradiation when the observations were made. It is apparent that no 
very marked changes occur in most individuals. Lehmaim and Szakill^®® found 
the effect of ultraviolet irradiation at weekly intervals lowered the basal metabo- 
lism of six human subjects 10 to IS per cent, and increased the capacity for work 
up to 60 per cent, while decreasing the oxygen debt. The various effects were 
b^ieved to be very similar to the results attained by training. When an ultra- 
violet-impervious screen was interposed without the knowledge of the subject, 
the increased capacity for work did not occur. Another subject showed a loss of 
weight, a lowering of the basal metabolism and a rise in the respiratory quotient 
when treated, in contrast to a daily fall in weight and a slight increase in the 
alkali reserve when not treated. 

The pulse rate is usually unaltered, and circulatory effects are not prolonged. 
The blood pressure is usually lowered, but the circulatory changes are not remark- 
able. As early as 1905, Hasselbalch observed decreases of from 8 to 10 per 
cent in blood pressure which lasted for several months following the application 
of massive doses of the rays from a carbon arc. He ascribed the effects to the 
cutaneous hyperemia. The most thorough recent studies are by Laurens and 
Mayerson.^®® 

Reed^®® showed that irradiation of the eyes of anesthetized dogs caused a 
considerable drop in the arterial blood pressure, but there was no evidence for the 
liberation of a depressor substance into the blood. The effect could not be ascribed 
solely to nervous factors since it was not abolished by bilateral section of the vagi 
and section of the optic nerve. The effect was attributed to a direct action upon 
the blood, since similar effects resulted from the irradiation of the blood circulating 
throng a quartz tube interposed in the carotid artery. The light used was that 
of a carbon arc and the results were the same when either the infrared rays or 
the ultraviolet rays of wave-lengths shorter than 3300A had been removed. The 
coagulation time of the blood was increased, and it was necessary to use intra- 
venous injections of heparin to prevent coagulation of the blood in the circulation. 
There were no marked effects upon the hemoglobin content or upon the red blood 
cells, but the white cells decreased, with a relative lymphocytosis and an absolute 
lymphopenia.^®^ 

Rowinski could detect no change in the vasoconstricting power of the blood 
serum of patients who had taken sea or sun baths. Sidoli ^®® found that irradia- 
tion of the blood serum in vitro caused a decrease in its power of vasoconstriction 
proportional to the intensity of the radiation employed. This he ascribed to a 

hi* Cbmt, J., and Rothmann, A., Strahientkerapie, 45, 401 

vnefn. Aos,, 27, 483o 

Sxakill, A., Arbeits, PkysioL, 5, 278 (1932); 6, 84 (1932); Chem. Abs., 28, 

SiSyo ( 1934 }* 

Hasselbalch, K. A., Skand. Arch. Physiol., 17, 431 (1905); Berlin Klin. Wochschr., 44, 1247 (1907). 

"»Laurc»8, H., and Mayersem, H. S.. Am. L Physiol., 84, 524 (1928). 

iflS Iteedj, C. 1., Am. J. Physiol., 74, 511, 518, 525 (1925); bibliograyhy of effect of light on blood 
pressure is included. 

w^Reed, C. I., Archiv. Phys. Ther, X’Pay, Radinm, 8, 108 (1927). 

S Rowinski, P., Bolt. soc. ital. biot. sper-, 5, 818 (1931); Chem, Abs„ 25, 1966 (1932). 

Siddi, E., Arch. sci. bwl. ttal., 19, 445 (1934); Chem. Abs., 29, 3359 (1955). 
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decrease of die adrenalin present in the serum. During irradiation in vw 0 ^ how- 
ever, there is no such change.^®^ 

Effects on the Blooo ^ ^ 

The effect of a general irradiation of the body upon the formed elements of 
the blood is not remarkable, at least in normal individuals. The literature is 
extensive but frequently contradictory. To summarize the individual papers would 
leave the reader with a feeling of confusion, and would consume much space. 
Instead, only a few of the more significant conclusions which it seems possible to 
draw will be stated, together with references to a few papers from which, as well 
as from the special works cited earlier in the chapter, the reader may obtain more 
complete references to other work.^®® 

Several writers have found no changes induced in the cell count by irradia- 
tion, It seems to be established that normal men or other aninxals can live on 
an ample balanced diet for prolonged periods during which sunlight or artificial 
illumination is absent or much reduced without the production of an anemia. 

Hardy tabulated the data of some 45 investigators. Eleven reported no 
change in the red cells, while 18 reported an increase and only two a decrease. 
There were wide differences in the species of animal used, and in the conditions 
of irradiation, sources, energies and wave-lengths. Her own conclusions, after a 
careful weighing of the available evidence, were that a normal red cell count may 
be very slightly increased and a low one raised to normal by daily irradiations. 
Most observers have reported a Icucocytosis after ultraviolet irradiation, but there 
is much variation both in the amount of change in the total white cell count and 
in the differential count 

One reason for the variations in the results of different observers is that, as 
pointed out by Balderrey and Barkus,^^^ the primary effect of irradiation is a 
vasodilatation followed by a diffusion of tissue fluid into the blood stream, resulting 
in dilution and increased blood volume. When the irradiation is long-continu^ 
or frequently repeated, this effect may be counteracted by vasoconstriction and 
blood concentration. Thus, alterations in blood concentration may tend to mask 
any real variations in the numbers of the various formed elements. At different 
periods during and after irradiation, these opposing effects may predominate to 
varying degrees and cause confusion. Mayerson and Laurens found a single 
exposure to carbon arc radiations to produce a temporary increase in the plasma 
volume of the blood of dogs, amounting to 6 to 37 per cent, and followed by 
recovery to normal within five hours. Repeated exposures caused an increase in 
the number of red cells of 10 to 19 per cent, maititained for three to six weeks 
after the final irradiations. The color, volume and saturation indexes showed 
that the cells in the post-irradiation period were usually smalRr and less saturated 
than before irradiation. The platelets dropped in number and volume by 35 per 

See also Johnson, J, R., Pollock, B. E., Mayerson, H. S., and Laurens, H., Am. J. PhymL, 114, 
594 (1936). 

For a review, see Fumiss, A,, Brit. J, Actinother., 5, 187 (1930); an alteration in the absorption 
spectrum of hemolyzed blood was not found following irradiation of the subject by Varshaver, G. S., 
Arch. set. hwl. (U S.S.R.), 41, No. 2, 31 (1936); Chem. Abs., 31, 7905 (1937). 

^Jaulmes, C-, Compt. rend. soc. btol., 92, 268 (1925); Koopman, I., Dewt mrd fVtKksckr., SO, 
277 (1924); Chem. Abs., It, 2197 (1924); Tataranu, I., CmpU fend. soc. bioL. 97, 1736 (1927); 
Chem. Abs., 22, 1799 (1928); Sindair, R. D., Set. Agr., 13, 737 (1933) (in -pigs); them. Abs., 23, 
3955 (1929). 

iW Hardy, M., Am. J. Hygiene, 7, 811 (1927); 8, 1024 (1928). 

^Balderrey, F. C. and Barkus, O., Am. Rev. Tuberculosis, 9, 107 (1924). 

Meyersoft, H. S„ and Laurens, H., Am. I. Physiol., 86, 1 (1928); J. Nutrition, 3, 465 <193l); 
Chem, Abs., 25, 2461 (1931), 
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cent during the irradiation, with recovery tistially within five hours after each 
escposnre. I^encocytosis resulted from moderate irradiation but markedly low levels 
in the white blood cell counts followed strong excessive exposures.^^® Excessive 
irradiation also appeared to destroy red blood cells. In experimental anemias of 
animals, there seems to be a more rapid restoration of the red cells after ultra- 
violet irradiation, although too much or too frequent irradiation seems to be 
definitely harmfulti^ Altliough the number of red blood cells and the number of 
reticulocytes increased as a result of irradiation by the flaming carbon arc, the 
corpuscular volume and the corpuscular hemoglobin did not. In fact, the hemo- 
globin’was practically unaltered. On the other hand, in hemolytic anemia pro- 
duced by phenylhydrazine, a regeneration of hemoglobin was observed.^^® In 
nutritional anemias, as the milk anemias, results with the carbon arc were nega- 
tive, but with the quartz mercury arc, Foster obtained some evidence of a 
beneficial effect. The number, size, and saturation of the red cells were increased, 

Cramer and Drew found light to act as a stimulus to the formation of blood 
platelets. This has been confirmed by others, including Hardy, Steiner and 
Gunn,^^® and, in new-born infants, Sanford^^® 

Friedlander and Wiedemer note that in healthy persons the reticulocytes 
(young red cells) increase in the spring months as contrasted with the count 
during the winter. They attribute this to an increase in ultraviolet rays from the 
sun. Seyderhelm,^2i claimed that dog blood iij)on ultraviolet irradiation 

develops the property of causing a sudden outpouring of erythrocytes into the 
blood of dogs made artificially anemic by saponins. The active substance is asso- 
ciated with the stroma of the irradiated red cells. Normal blood contains small 
quantities of this active substance. Similar results were obtained in human sub- 
jects upon the intramuscular injection of irradiated human cells, the reticulocytosis 
reaching its maximum one to five hours after the injection. The results in per- 
nicious anemia are not as permanent as those obtained with liver. According to 
2feiepffel,^®® rapid blood regeneration may be produced in anemic rabbits or patients 
by the oral administration of solutions obtained by digesting red blood cells with 
pancreatin followed by exposure to strong ultraviolet light. The final product 
contained histidine, tryptophane and hematin. 

Goldberg found parenteral administration of solutions obtained by irradiating 
copper or iron plates in water with ultraviolet rays to accelerate the regenerative 
processes in rabbits made anemic by bleeding. The local anaphylactic reaction is 
depressed by the use of ultraviolet-treated metals. These materials also produce 
capillary dilatation in frogs when injected subcutaneously. 

^See also Clark, J., Physiol, Rev,, 2, 285 (1922); Koopman, J., Deut, mcd. Wochschr , SO, 277 
(1924). 

iA*Hobert, H., Klin. Wochschr., 2, 1213 (1923); Chem. Abs., 17, 3893 (1923). 

WB Mayerson, H. S,, and Laurens, H., J. Nutrition, 4, 351 (1931); see also Kasatkin, E V., and 
Bogdanova, G. *P., Arch. set. biol. (U.S.S.R.), 40, No. 1, 49 (1936); Chem. Abs., 3>t, 6679 (1937). 
us Foster. P. C, J. Nutrition, 4, 517 (1931); Chem Abs., 26, 3008 (1932). 
ur Hardy, M., loc. dt. 

u« Steiner, P. E., and Gunn, F. D., Arch. Path., 11, 241 (1931); Chem. Abs., 25, 4563 (1931). 
u* Sanford, H, N., Am. J. Diseases Children, 83, SO (1927). 

Friedlander, A. and Wiedemer, C., Arch. Jnt. Med., 44, 209 (1929). 
utt Seydcrhclm, R., Klin. Wochschr., 11, 628 (1932); Chem. Abs., 26, 4856 (1932). 
wZaepffel, H., Bull. acad. med., 113, 679 (1935); Chem. Abs., 30, 7657 (1936). 

Goldberg, 1. M., Acta. Med. Skand., 85, 136, 147 (1935); Goldberg, L M., and Boudyllne, V. G., 
Ibid., 147. 

^Boudyline, V. G-, Acta. Med. Skand., 86, 88, 95 (1935); sec also Gnegel, C, R., Klin. Wochschr., 
45, fm (1936). 
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Toyoda^ tols tha^ irradiation oi rabbits j>roduces thrombocytogene«is» and a 
histamine^iikir substance is believed to be' produced in the bloody whi^ acts on the 
spleen. When the irradiation is repeated more than about hve times, thrombopenia 
results. Such thrombopenk rabbits will again show thlombocj^ogenesis H a fresh 
spleen is grafted. When the spleen of a throttibopenic rabbit is grafted to normal 
spknectomized rabbits, irradiation produces no change in thrombocytes. 

According to Tokumitu and Toyota^ the number of platelets 'increases in the 
normal rabbit within an hour after irradiation with rays between 3130 and 3900A, and 
returns to normal after two to four hours. It does not increase in splenectomized rab- 
bits. In parathyroidectomized rabbits, the increase is more marked than in normal 
ones. These authors suggest that there exists a specific splenic hormone, which controls 
thrombocytosis and that its liberation from the spleen is controlled by a histaminc4ike 
substance produced in the skin during irradi^ion. In splenectomized ankuals the 
thromlwcytosis on irradiation could be observed if normal spleen had been grafted into 
tlie animals. 

Koh ^ noted that when a rabbit has been irradiated by these wave-lengths for an hour, 
erythrocytes and hemoglobin are increased in the ear vein within five hours, but they 
are decreased in the liver and spleen. No reticulocyte increase was noted in any veins. 
The effect is not due to a regeneration of the corpuscles but rather to’ an alteration in 
their distribution. This polyerythemia of the ear veins can be produced in animals from 
which the thyroid, but not in those from which the spleen, has been removed. It is 
suggested that the thyroid has a hormone which antagonizes the splenic hormone and 
that the former is concerned with the redistribution of erythrocytes after the irradiation* 
Carmel li reports that irradiation of rhts and guinea pigs produces a considerable increase 
of the oxidase in the leucocytes 

Recently there have been many deteni^iinations of the ultraviolet absorption of blood, 
its plasma and serum, and attempts have been made to correlate variations in the 
absorption spectra with diseased conditions. These are not discussed, since they haiNS 
not as yet led to any very useful results and because our subject matter is limited to 
effects dependent upon the occurrence of photochemical processes. 

Macht and Blackman noted that animals poisoned with carbon monoxide and 
exposed to ultraviolet rays recovered more quickly than controls poisoned to the 
same degree and kept in darkness. This was attributed to the photodissociation 
of the carbon monoxide-hemoglobin. Estler,^®® however, was unable to verify 
these observations and concluded that the in vitro dissociation of the complex 
with hemoglobin had no counterpart in vivo. Gorkin finds the dissociation can be 
affected by daylight, but not by ultraviolet light.^®^ 

Harris finds that irradiation of blood causes it to give up oxygen at high 
oxygen tensions and to take it up at low tensions. Both effects are irreversible in 
darkness. At about 15 mm. tension of oxygen there is gaseous equilibrium. The 
taking up of tlie oxygen by blood in ultraviolet light he believed to be a property 
of the plasma. In the presence of traces of certain sensitizing substances, iron 
chloride, dyes, and especially hematoporphyrin ;^nd chlorophyll, the velocity of 
the photooxidation of plasma may be increased up to a hundred fold. The acceler- 
ating effect of hematoporphyrin is unaffected by the addition of sodium cyanide. 
It was noted in Chapter 34 that certain proteins and the aromatic amino- acids 
undergo a similar photooxidation. Krebs finds that light affects the hemin 

^»Toyoda, G., /. Chosen Med. Assoc., 22, 673 (1932); 26, 856, 1017 (1936); Chtm, Ahs., 31, 1869 
(1937). 

^30 Tokumitu, Y., and Toyota, G, Trans. Japan. Path. Soc., 21, 191 (1931); Chem. Abs , 26, 6003 
(1932). 

M., J. Chosen Med. Assoc., 22, 775 (1932); Chem. Abs., 27, 2197 (1933). 

Carmelli, P., Bioehem. terap. sper., 25, 1 (1938); Chem. Abs., 32, 4183 (1938). 

Macht, D. I., and Blackman, S. S., Jr., /. Pharmacol., 23, Proc. 142 (1924) ; Chem. Abs., 18, 
3228 (1924). 

w^Estlcr, W., Arch. Hyg. Baht., 115, 152 (1936); Chem. Abs., 30, 3096 (1936). 

*‘«'Gorkm, Z. D., J. Physiol (U.S.S.R.), 22. 329 (1937); Chem. Abs., 32. 9103 (1938) . 

Harris, D. T., Bioehem. J., 20, 280, 271 (1926). 

Krebs, H. A., Bioehem. Z., 193. 347 (1928). 
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catalysis of tibe oadilation of cysteine to cystine by molecular oxygen in the same 
way that it affects the respiration of living systems. 

The oxygen consumption of red blood cells (and also of yeast cells) in Tyrode's 
solution at pH 72 may be increased by SO per cent during irradiation by ultraviolet 
light, according to Surinyi and Vermes.^^ Cyanide irreversibly inhibits both the 
normal and the increased respiration, 

Hemolysia. Suspensions of red blood cells are slowly hemolyzed by visible 
Ught^*® Meyerstein found human cells which in physiological salt solution 
were hemolyzed in 13 to 14 days in darkness, hemolyzed in S to 6 days in light. 
Radiations of wave-lengths less than 2700A are more effective, according to 
Koeppe.^®^ Hausmann and Sonne found it possible to sensitize the cells to 
tJie longer wave-lengths of the ultraviolet by means of hematoporphyrin. The 
effect is then most marked at 3130A. In vivo this effect could not be demon- 
strated. Lohner^®® found arsenious acid to sensitize red blood cells to either 
visible or ultraviolet light Fabre and Simonnet^^^ state that cholesterol-free 
lecithin, if irradiated in the presence of hematoporphyrin by ultraviolet light, under- 
goes a change by which it acquires a greater hemolytic power than it can attain 
on unsensitized irradiation. 

During the irradiation of normal persons a gain in fecal urobilin was observed 
by Teplov and Mesheristkaya.^*^ This was attributed to increased hemolysis. At 
the same time the production of red cells was stimulated, so that the total number 
of red cells and the hemoglobin content of the blood usually remained constant. 
In anemic subjects, the apparent regeneration of the blood is explained by an 
overcompensation which causes the rate of the production of blood to exceed the 
rate of hemolysis. At the conclusion of the treatment, the rate of hemolysis sinks 
rapidly to normal, and the overproduction of red cells also subsides. 

Farkas and Tangl had noted, on the contrary, that in dogs, unless splenecto- 
mized, ultraviolet irradiation inhibits the passing out of their blood pigment. 

Ward^^® has claimed that the influenza bacillus when grown on blood-agar 
plates is unable to produce hemolysis if incubated in darkness. If it is then 
exposed to sunlight or artificial light, it shows a definite hemolysis after a time 
which depends upon the intensity of the light. 

The permeability of erythrocytes to water-soluble substances, such as glycerol, 
glucose, etc., is said to be increased by light.^^^ The spectral distribution of the 
efficiency of radiation in decreasing the stability of the red cells corresponds very 
closely to that of the absorption of radiations by oxyhemoglobin.^*® This suggests 
that the effect is exerted upon the hemoglobin rather than upon the colorless cell 
membrane. 

Although hematin and hemochromogen are not altered by sulfur dioxide in 

Surdnyi, G., ftnd Vennes, M., Magyar Orvosi Arch., 30, 585 (1929); Chem. Abs., 25, 2162 (1931). 
^ Hauamatrn, W., and troewy, A.. Biochem. Z., 173, 1 U926); Earle, W. R., J. Expil. Med., 48, 
457, 667, 583 (1928); Lcpeachkm, W. W.. Sc%ence, 73, 568 (1931). 

Meyerstein, KHn. Wockschr., 7, 2244 (1928); Chem. Abe., 23, 1438 (1929). 
wwKoeppe, H., Arch. Kinderheilk,, 79, 109, 198 (1926). 

Hausmann, W., and Sonne, C., Strahlentherapie, 25, 174 (1927), 

M»L6hner, L., Biockem. Z., 186, 194 (1927). 

Fabre, R., and Simonnet, H., Compt* rend., 184, 707 (1927). 

^Teplov, I., and Meshedstkaya, R., Deut. Arch. KUn. Med., 174, 399 (1933); Chem, Abs., 27, 
5347 (1933). 

1** Farkas, G., and Tangl, H., Biochem. Z., 200, 184 (1928); Chem. Abs., 23, 168 (1929). 
wsWard, H- K., 7. BacUriol., 15, 51 (1928). 

Lepcachkin, W. W., Protoplasma, 18, 243 (1933); Chem. Abs., 27, 3228 (1933). 

W8|lepesdakin, W. W., and Davis, G. E., Protoplasma, 20, 188 (1933); Chem. Abs., 28, 1722 (1934). 
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darkness^ when illuminated with this compound they lose iron and are converted 
into hematoporphyrin4ike substances. These differ irom Nencki's hematopor- 
phyrin in their sulfur content and in their solubility, according to Zeynek and 
Kittel^^® Under similar conditions, blood pigments al^o lose their iron and dre 
converted into porphyrin-proteoses, containing varying amounts of more or less 
firmly bound proteins. Light sensitization of white mice by these products differs 
little from sensitization by Kencki's hematoporphyrin. 

Vital staining in the red cells of frogs is said to be materially retarded by light 
rays of the shorter wave-length half of the visible spectrum.^^^ 

Falk and Reed^^® found that in blood directly irradiated in vivo, there is a 
small but definite decrease in the negative electrophoretic potential of the red cells. 

Blood Sugar and Carbohydrate Metabolism. Frenkcl-Tissot believed, 
as a result of studies at high altitudes, that people with high blood sugar tend to 
have this decreased by irradiation by the sun or the mercury arc or by hyper- 
thermia, although those with normal or low blood sugar values show a tendency for 
the sugar to be increased by the same treatments. Many subsequent observers 
have noted a depression of the blood sugar on irradiation.^®® Petersen and v. Oet- 
tingen found that in dogs a short exposure was as effective as a longer one 
in causing a reduction in the amounts of sugar and chlorides in the lymph, an 
increase in the number of white cells in the blood, and in the volume and protein 
content of the lymph. 

When blood is directly irradiated in quartz tubes in vivo by the method of 
Reed, in anesthetized dogs, the blood sugar is not affected.^ Treatment of guinea 
pigs, cats and dogs with serum which had been previously irradiated in most cases 
reduced the elimination of sugar by the liver.^®® 

Keeser observed that rabbits placed in blue light and injected intravenously 
with glucose show a less pronounced and shorter hyperglucemia than those injected 
in daylight. Irradiation also causes an increased content of sugar in the skin. 
There is also a marked decrease of from 31 to 15 mg, per cent in the reduced 
glutathione content of the skin and a smaller decrease in that of the blood, 
Keeser believes blue light to have a sympathicotonic and red light a vagotonic 
action. ^ 

Ogawa found the reduced glutathione in both arterial and venous blood of 
irradiated rabbits to be decreased immediately after irradiation. After thirty to 
sixty minutes, however, it increased markedly. The same was true of the content 
of the oxidized form in arterial blood, but in the venous blood it increased imme- 
diately after the irradiation. 

Zeynek. R., and Kittel, S., Z. physiol, Chern,, 224, 233 (1934); Chem. Abs., 28, 4079 (1934). 

Kedrovskil, B., Protoplasma, 22, 607 (1935); Chem. Abs,, 29, 3362 (1935). 

i«Falk, I. S.. and Reed, C. I.. Am. J. Physiol, 75, 616 (1926). 

Frenkel-Tissot, H, C., Deut. Arch. Klin. Med., 133, 286 (1920); Chem. Abs., 15. 118 (1921). 

^ Pmeussen, L., and Jacoby, D., Biochem. Z., 195, 449 (1928); Bloch, C. E., and Faber F., Am 7. 
Dis. Children. 30, 504 0925); Rothmann, H., Klin. Wockschr., 2, 881 (1923); Pincusaen, L., and 
Yakota, S., Biochem., Z., 241, 398 (1931); Pincusaen, L., Biochem, Z., 272, 354 (1934); Klin, 
Wochschr., 10, 791 (1933); 11, 1231 (1932); Chem. Abs., 26, 5612 (1932); Strahlentherapie, 51, 537 
(1934). 

Petersen, W. F., and v. Oettingen, W, F., Arch. Erptl Path, Pharmakol, 123, 160 (1927); 
Chem. Abs., 22, 276 (1928). 

waRced, C. I., Payte, J. 1.. and Lackey, R. W., Proc. Soc. Exptl Biol Med., 24, 11 (1926). 

a»Holta, P.. Arch. Ges. Physiol (PflUger^s), 226, 578 (1931); Chem. Abs., 25, 2194 (1931). 

Keeser, E., Arch, Bxpt. Path. Pharmakol, 166, 624 (1932) . 

See also von Deschwander, J., who attributes the results to increased insulin formation; 
[Strahlentherapie, 39, 278 (1931); Chem. Abs., 25, 1886 (1931); Strahlentherapie 46, 713 (1933); 
Cktm. Abs., 27, 3489 (1933)]. 

xx Ogawa, H., J. Agr. Chem. Sue. Jafan, 13, 81 (1937); Chem. Abs., 31, 3077 (1937). 
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Jona gave progressively increasing daily irradiations to four normal persons 
and two diabetics for a month. In the normal persons there was a diminntion in 
gincemia but no notable effect on the glucose tolerance or glycosuria. In the 
diabetics it was found that although both the glucemia and glycosuria were dimin- 
ished, the general condition of the patients was adversely affected and the 
acetonuria increased. 

Gorini finds that small doses of ultraviolet rays enhance the glucose metabo- 
lism and large doses depress it. In infants and children, the blood sugar 
is increased by ten minutes and reduced by twenty minutes of irradiation or 
by the use of greater intensities, according to Ferri,^®^ In alimentary hyper- 
glucemia, the reaction is hastened by short and retarded by long exposures, but 
adrenalin hyperglucemia is always enhanced by irradiation. Ceruti determined 
the glucemic titer before and after the irradiation of albino rats. In a group 
exposed to the direct rays of the mercury-vapor lamp for 15, 30 and 60 minutes, 
there was an average diminution of 10, 25 and 31 per cent respectively. In a 
group exposed with a Wood glass biter the values were 8, 13, and 18 per cent, 
and in a third group in direct sunlight, 6, 9 and 12 per cent. 

Kallos and Kallos-Deffner found that ultraviolet light lowered the fasting 
blood sugar and increased the sugar tolerance of rabbits which had been previ- 
ously kept in darkness for a week.^®^ other hand, Muller found no 

difference in the blood sugar level of rabbits kept in darkness for two or three 
weeks from that of those kept in the light. Nor could a difference in the glucose 
tolerance be detected. 

Veil$ral irradiation is said to be more effective than dorsal in producing a con- 
stant luid progressive decrease in the blood sugar of rabbits by Benvenuto, who 
did tiot succeed, however, in demonstrating an effect upon the glucose tolerance. 
Besides noting a decrease in the blood sugar which reaches its maximum at the 
height of the erythema, Marchionini and Hovelborn^®® found the blood diastase 
to be increased by ultraviolet irradiation. 

Burge and Wickwire find that the normal rate of utilization of glucose and 
galactose by Paramecium caudafnm is depressed by ultraviolet irradiation. This 
effect is abolished by the addition of insulin to the medium and was thought to be 
due to the destruction of insulin in the living cells by the irradiation. 

Pincussen and Jacoby find the lactic acid content of the whole blood of 
rabbits to decrease by 20 to 30 per cent shortly after an irradiation. The content 
in the serum, however, increases. The authors suggest that during irradiation 
the permeability of the corpuscles may increase so as to permit the passage of a 
considerable part of their lactic acid into the serum. The glycogen of heart and 
muscle, if changed at all, decreases slightly, although the total car])ohydrate 
increases considerably. It appears therefore, that irradiation causes a sparing of 


A., Minen'a Med., 11, 757 (1933), Chetn. Abs., 28, 1401 (1934). 

Gorini, P., Pediatria Rivi.^ia, 35, 1110 (1927); Chem Abs., 22, 2599 (1928). 

«»Ferri, U., Riv. din. pediatr., 25, 217 (1927); Chem. Abs., 22, 619 (1928). 

C., Boll, soc tfal. bwl. sper , 3, 30 (1928); Chem Abs, 22, 2383 (1928). 
i»Kall6B, P., and Kallds-Dcgncr, L., Strahlentherapie, 50, 191 (1934); Chem. Abs., 28, 4772 (1934). 
S^^al»o Root, R. W., Arch. Phys. Therapy, X-Rays, Radium, 12, 153 (1931); Chem. Abs., 26, 1648 


i‘‘®See al&o Rothman, S., Strahlentherapie, 51, 364 (1934); Pincussen, L., Ibid., S3, 7 (1934). 
Muller, R. W. J., Btochem 276, 416 (193S). 

Benvenuto, E., Pediatria Rtv , 43, 675 (1915), Chem. Abs., 30, 4182 (1936). 

Marchionim. A., and Hovelborn, C, Khn. IVochsckr., 14, 1387 (1935); Chem. Abs, 30, 2997 
L936). 

Burge, W. E., and Wickwire, G. C., /. Biol. Chem., 72, 827 (1927). 

Pincussen, L., and Jacoby, D., Btochem. Z., 195, 449 (1928). 
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sugar but it was uncertain whether this was due to a decreased breakdown of the 
sugar Or to an increased formation of sugar from lactic acid. Later, however, 
Pmcussen and Kawakami stated that in the liver md muscles of irradial^ed 
animals there is an increase in glycogen at the expense of lactic acid The 
glycocen : lactic acid ratio is raised 5S and 45 per cent in the live)r and muscles, 
respectively, but in the heart the change does not exceed the experimental error. 
They believe the radiations to act in a manner similar to that of insulin. 

By irradiating muscle extract before incubation, Stiven has found it possible 
to increase the rate of lactic acid formation from glycogen. In one case the rate 
of lactic acid formation in the irradiated sample was three times that in the control. 
Irradiation leads also to alterations of the accumulation of the phosphoric ester. 
Brief irradiations resulted in an increase of the ester accumulation, but longer 
ones produced a decrease. The higher rates of lactic acid formation coincide 
with a decrease in the ester accumulation. In only one of thirteen experiments 
was the lactic acid formation decreased after a long irradiation, and in this case 
the accumulation of ester was almost completely inhibited. 

Blood pH. During the first hour after irradiation, there is a transient 
blood acidosis in human subjects, according to Kroetz.^^® This amounts to a drop 
of about 0.3 to 0.7 in pH and is ascribed by Kroetz to introduction into the blood of 
the altered proteins or their disintegration products formed as a result of the 
irradiation. This phase is followed by a more permanent alkalosis reached 
about 24 hours after the exposure. In it, the blood pH is raised about 0.05 to 
0.07 unit above normal. This is ascribed to shifts of bases from the tissues to 
the blood. During the stage of acidosis, the blood is hydrated, but in the later 
stages the serum becomes more concentrated. In the early acidosis, the respiratory 
center is stimulated and there may be some hyperventilation. The alteration of 
the ionic equilibrium in the serum of the irradiated individual is summarized as 
an increase in the ratio K'^x (H 2 P 04 '+HP 04 ")/Ca++. Refractometric measure- 
ments revealed an alteration in the nature of the serum proteins. The early 
increase in blood acidity was also obhiined as a result of the in vitro irradiation 
of blood. Hoeber found ultraviolet light to render horse serum more acid. 
On the other hand, Moran and Reed found irradiation of dog blood in vivo to 
fail to produce any constant effect on the carbon dioxide combining power. 

According to Balderrey and Barkus exposure of the human body to sun- 
light increases the alkalinity of the blood. The amount of pigmentation present 
has a direct influence on the change of the blood reaction, the greater the amount 
of pigmentation the more marked being the change in the blood pH. In their 
experiments, the effects were probably to be attributed predominantly to radiations 
of the visible spectrum. Variations in tlie intensity of the light materially influ- 
enced its effects on the blood reaction. 

In earlier studies, Ederer determined the influence of the light of a quaitz 
lamp upon the alveolar carbon dioxide tension of man. The results varied with tlie 

Pmcussen, L., and Kawakami, T., Biochem Z., 208, 185 (1929); Pmcussen, L., Arch, Phys. 
Therapy, X-Ray, Radium, 18, 750 (1937); Ckem. Abs., 32, 4615 (1938). 

Stiven, D., Bwchem, 24, 172 (1930). 
iTO Kroetz, C., Biochem. Z., 151, 146, 449 (1924). 

Hoeber, R., Ja Med. Cermano-Utspano Amer , 1, 113 (1923); Physiol. Abs., 10, 61; Chetn. Abs., 
19, 3115 (1925); see also Frontah, G., Rev. dm. Pediatr., 25, 061 (1927) ;• C/icm. Abs, ^3, 1057 
(1929). There is a slight decrease in total nitrogen and albumin nitrogen and an increase in the 
globulin nitrogen, according to Murayama, M., /. Oriental Med., 34, 79 (1936); Chem. Abs., 31, 5820 
(1937). 

I’a Moran, W. H., and Reed, C. L, Proc Soc. Exptl. Biol. Med., 24, 179 (1926). 

Balderrey, F. C., and Barkus, O., Am. Rev. Tuberculosis^ 9, 107 (1924). 
w* Ederer, S., Biochem, Z., 132, 103 (1922); Chem. Abs., 17, 303 (1923). 
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dosage admmistered. Weak stimulation had no effect. Radiations of medium 
intensity increased the carbon dioxide tension but strong irradiation lowered it. 
Hie effects appeared to be independent of the skin erythema. The hypercapnic 
effect was considered to be hematogenous and not of central origin. This interpre- 
tation was based upon a belief, then undemonstrated, in a probable increase in the 
alkalinity of the blood, a decrease in the acid products of metabolism and a change 
in the colloidal state of the blood proteins. 

Glass observed for two to four hours after intense ultraviolet treatment, a 
change in the chlorine distribution in the blood, which was regarded as an indi- 
cation of a shift in the acid-base equilibrium in the blood toward an acidotic con- 
dition. This sometimes persisted for 24 hours. 

The analysis of urine samples during an hour after a single irradiation failed to 
indicate to Essinger and Gyorgy any shift in the acid-base equilibrium. The 
serum calcium was slightly decreased. 

lancou and lana^^^ determined the pH of the blood serum of eleven nursing 
mothers at the beginning, middle and end of a period of irradiation of the mammary 
glands. In seven, it rose appreciably, in one it remained constant, in two it at 
first dropped slightly and then returned to its initial value and in one suffering 
from an infection it dropped very slightly. In six cases the calcium content rose 
appreciably and in the other five it dropped slightly. The action on the nurslings 
was even less pronounced, unstable and inconstant. Lenzi believes irradiation 
to cause no change in the blood pH. 

The effects of general body irradiation upon other features of the blood compo- 
sition have been frequently studied. In normal subjects, no very pronounced 
changes in phosphorus in its various forms, chlorine, magnesium, calcium, sodium 
or potassium have been found. Slight positive or negative variations may be pro- 
duced at various periods during or after irradiation, but rarely have marked 
changes been observed.^’’^® 

Frontali noted an increase in the inorganic phosphorus of serum which had 
been irradiated fifteen to sixty minutes by a mercury arc. Sacchi observed a 
decrease in the phosphatase content of the bones of rats kept in darkness, which 
could be restored to normal by exposing them to direct sunlight for a week. 

In the in vivo irradiation of blood streaming through a quartz tube interposed 
in the circulation, Reed and Tweedy found no immediate changes in the blood 
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Tiidsc)xr Genssskunl. 1635 (1933) ^ 28 , 2732 0^4^^ B7own:W^1l,rind 

Fa,rh.U. L. T., ^.n, /. Pkysiol^ (192S)} Mi/Jr 


rairnau, t^. i., Am. j. t'hystol.. 84, 378 (1928): Maynard, L. A., 
Goldberg, S. A,, and Miller, R. C., Proc. Soc. Bxptl. Biol. Med., 2^ 4^4 (1925): (5rr, /. B.7 Magee, 
H. and Henderson, T M J. Phvsiol 7Q, Proc. 25 (1924); Howe, M. G./and Medlar E. M., 
Am. Rev. Tuberculosis, 10, 408 (1924); Moritz, A R., J. Biol. Chem., 64, 81 (1925); Chcymol, J., 

(1933); ^incussen, L 

^Frontali, G„ Riv Clin. Pediatra, :5, 661 (1927); Chem. Abs., 23. 1657 (1929); also T>e Toni, G., 
and Stancati, A., Bo//, ^oc. tfa/. sper., 4, 16S (1929): Chem Abs., 23, 3721 (1929); Careddu, G, 
Bmhim. terap. sper., 18, 109 (1931); them. Abs., 25, 40lS (1931). uarcuuu, , 

Sacchi, U,. Boll. soc. ital. biol. sper., 9. 94 (1935); Chem. Abs., 29, 4781 (1935). 

*«Reed, C, I., and Tweedy, W. R., Am^ /. Physiol., 76, 54 (1926), 



PffrSWlOmCM BPFECTS OP ULTRAVIOLET MAYS ^55 


caicititn» No effects upon the diffnsibility of the senirn caldmn could be observed 
to follow either the irradiation of an animal or of its serum directly, by Moritz.^®® 
The addition of calcium chloride to rabbit serum, prev^sly irradiated either in 
vivo or in vitrO:, is said to depress its electrical conductivity; the effect is i4ot 
observed in the absence of the preceding irradiation.^^^ 

In marked contrast to the observations upon normal subjects are the results 
obtained in rachitic animals discussed in Chapter 38. The irradiation of normal 
rabbits was found by Grant and Gates to cause an hypertrophy of the para- 
thyroids. Nonidez and Goodale found that when young chicks were kept on a 
ration poor in vitamin C and deprived of direct sunlight, an enlargement of the 
parathyroid gland resulted. It was due to an increase in the size and number of 
epithelial cells. This was followed by a phase of regression and in some cases 
by local degenerative changes. Subsequent exposure to sunlight led to a decrease 
of the gland volume with a considerable crowding of the epithelial cells and some- 
times to pressure atrophy. 

The irradiation of parathyroidectomized dogs did not significantly increase their 
blood calcium level, according to Swingle and Rhinhold.^®*^ Jung^®® however, 
found daily doses of ultraviolet light fifty times those commonly applied to 
unhabituated human subjects, to benefit parathyroidectomized white rats. He 
believed the parathyroid to have some function related to the photochemistry of the 
skin. Drucker and Faber ^®® found that irradiation during tetany brought the 
calcium to a normal level without changing the blood pH or aflFecting the antago- 
nistic relation between phosphorus and calcium. The increase in total serum 
calcium does not occur immediately following the irradiation of children with 
tetany as is the case with inorganic phosphorus. Indeed, it comes subsequent to 
the effects on the tetany. Calcium in the ultrafiltrate is generally below 50 per cent 
of the total calcium before irradiation. It increases in successive determinations 
and comes to exceed 60 per cent of the total calcium. Later a gradual increase 
in total calcium ensues.^®® 

Although Malczynski found a considerable increase in the blood cholesterol 
of irradiated human subjects, Ornstein found no significant changes.^®^ Pincussen 
and Zuckerstein i®® found the serum cholesterol unchanged in irradiated animals, 
although the total ether extract of the serum was definitely increased. In rabbits, 
Kultjugin^®^ found irradiation to increase the cholesterol not over 30 per cent, 
although the blood fat was greatly increased after the second exposure. 

Hubert ^®^ believes that patients with carcinoma usually show a decrease in the 
serum cholesterol after irradiation. There are, however, so many exceptions that 
it is unlikely that this response to irradiation can have diagnostic significance. 
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The total blood sulfur is said to be lowered after ten minutes of irradiation.^®^ 
Free sulfur and oxidized sulfur diminished in a parallel manner, but the former 
much more rapidly than the latter, so that the ratio of oxidized sulfur to total 
sulfur was, in general, increased^®^ 

In vitro irradiation of human blood serum lowers its surface tension, although 
the results of in vivo irradiation are uncertain.^®® The index of refraction of nor- 
mal horse serum at 20® C. increased progressively from 1.3466 to 1.3531 during 
thirty minutes of irradiation. Beef plasma showed a similar behavior and there 
were similar increases in antitetanic, antistreptococcic and antidiphlheric seraJ®® 
The change is attributed to an alteration of the state of the proteins. 

The gelatinization of serum is said to be accelerated by ultraviolet rays.^®® 

An acceleration of the rate of red cell sedimentation is produced over only a 
limited range of dosages, beyond which the rate tends to be retarded.^®^ 

The blood and skin of rabbits which have been irradiated over a period of three 
to six weeks is found by Engel 2®^ to contain a substance which induces cornifica- 
tion in castrated female mice. Its formation is not promoted by the simultaneous 
injection of cholesterol. Ultraviolet irradiation of castrated female rats and mice 
does not produce a positive Allen-Doisy test. 

Blood Enzymes, Pincusscn ^®® found the activity of the blood catalase of 
rabbits kept in darkness slightly greater than that of animals exposed to ultraviolet 
light, especially if they had been given a sensitizer. In rats, the diminution is 
especially marked in the liver .2®^ Koldayev and Altschuller ^®® noted a transitory 
decrease in the serum amylase and blood catalase of irradiated rabbits. Castagna 2®® 
found the longer rays of sunlight to increase the blood catalase of mice over that 
in those ^Jcept in darkness, these having almost none. Irradiation in the wave- 
length r^Ji^e 3190 to 3900A did not materially change the catalase content. 
When both this radiation and visible light were used, the catalase content 
increased during the first three hours of irradiation and then declined. Daily 
sunbaths are said to cause a small increase in human blood catalase.^®’^ 

The general irradiation of rabbits produces a proteinase capable of attacking 
skin and serum proteins, according to Abderhalden and Tetzner.^®^ Schaniberg 
and Brown ^®® find that exposure of ralibits to ultraviolet light decreases the con- 
centration of lipase and increase^ that of proteinase in the blood. In the skin, both 
are decreased. Vedder ^i® observed that when leucocytes arc irradiated with visible 
light, the granules which contain oxidase disappear only if the temperature is raised 
above 62®, Ultraviolet irradiation, however, is effective at ordinary temperatures. 

^Loeper, M., Degos, R., arid Lesure, A., Compt. rend. soc. bwl., 106, 718 (1931); Chem. Ahs., 25, 
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also Loeper, M, Dccouit, J, Olivier, J., Tonnet, J., and Lesme, A., Compt. rend. soc. biol., 

(1926-7). 
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Effects on Immimc Bodies in Blood. In greneral, irradiation does not 
affect the bactericidal properties of the blood of an irradiated subject.^^^ After 
long periods of intense ultraviolet irradiation of rabbits; Albela found no alter- 
ation of the phagocytic action of the blood serum, as determined by the concen- 
tration of opsonins. Koopman^^® observed that although the con^plement of the 
blood of a guinea pig was almost doubled during the first hour of irradiation of 
the animal, its concentration decreased markedly during a further two hours of 
exposure. This usually produced death and the blood was found free from com- 
plement Gordon and WormalPi^ g^d the irradiation of guinea pigs to 

increase the serum complement. Osborn found an occasional increase in the 
case of young, weaned rats, but this could not be uniformly obtained. Mesik 
reports a sharp drop during the irradiation, with a return to normal upon its 
cessation.-^^ 

Matushita^^^ found irradiation of the skjn of rabbits with ultraviolet rays to 
increase the amount of antityphoid substance in the serum (confirmed by Mesik), 
an effect especially marked in the serum of immunized animals. Both the skin and 
the spleen were necessary for irradiation to evoke this response. Irradiation of 
the skin was believed to produce a histamine-like substance which causes the spleen 
to release a hormone that controls the production of the antityphoid substance. 
Bessemans and Seldeslacht found that rabbits injected with an emulsion of 
typhoid bacilli and then treated with ultraviolet rays showed a larger production of 
antibodies than non- irradiated animals. 

Heucr and Potlhoff found that an exposure of animals to ultraviolet rays 
had only a slight influence on the formation of antibodies. Pigmented animals show 
this influence more than unpigmented ones. However, at the height of antibody 
formation, when the titer is somewhat constant, exposure of animals to ultraviolet 
rays causes a very great increase in the titer. This effect is not permanent and 
the return of the titer to the preirnmunization level is much more rapid than in 
nonexposed animals. Wenger finds carbon-arc irradiation of a small area on 
the hack of a pig sufficient to produce a slight erythema to cause a moderate 
increase in the bactericidal action of the blood. This effect is considerable, he 
believes, when the erythema is severe. 

Abe finds that irradiation of black rabbits accelerates tlie production of the 
agglutinin for B. coli, mure marked than in white rabbits, 

The antitryptic activity of rabbit scrum is said to increase after ultraviolet 

irradtation.^22 

Giaume^i^^ claimed that irradiated normal horse serum does not produce anaphy- 
lactic shock in sensitized guinea pigs. Five minutes of irradiation of the sensitized 
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animal lessens the shock produced by normal serum. Severe and even fatal shocks 
result when both the sensitising agent and the shock-producing material have been 
irradiated Brotau^^^ finds daylight or light in the range 5100 to 7700A to be 
more effective than blue-violet light or darkness in aiding the production of agglu- 
tinins in guinea pigs injected with the Gaertner bacillus or with the cholera vibrio. 
Infrared rays stimulated more agglutinin formation than daylight, and ultraviolet 
rays more than blue-violet light. Guinea pigs exposed to infrared rays produce 
more bacteriolysins than those exposed to ultraviolet light. 

Exposure of guinea pigs to red, yellow or blue light has no effect on the for- 
mation of anti-sheep hemolysins.^^s 

It has been said that serums obtained from rabbits inoculated with organisms 
grown on ultraviolet-irradiated agar show greater agglutinating, bacteriolytic and 
complement materials than those in the production of which the organisms had 
been grown on ordinary agar,^^® 

There have been several recent investigations of the effect of ultraviolet light 
upon antigens. Intensive irradiation of horse serum for twenty to forty minutes 
destroys its ability to cause the characteristic anaphylactic contraction of the iso- 
lated uterus of guinea pigs sensitized to horse serum. The treated serum retains 
its ability to desensitize the uterus and after exposure to the treated serum, the 
uterine horns will no longer react with fresh, untreated serum. This densitiza- 
tion, however, requires a longer period than that produced by untreated actively 
shocking serum.^^^ Different results were reported by Kitamura and Murayama 
who found 0.1 cc. of thirty minute-irradiated horse serum or egg-white to produce 
the usual contraction of the uterus of sensitized guinea pigs. After washing and 
the lapse of twenty minutes, the addition of 0.5 cc. of normal serum also produced a 
contraction, indicating that desensitization had not been attained. Then, after ten 
minutes, the addition of neither serum produced contraction. 

The agglutinogens of red blood cells, which are said not to contain protein, 
are not affected by ultraviolet light.--® 

Heuer reported that antibodies are sensitive to ultraviolet rays when diluted. 
The agglutinins for cholera and paratyphoid A were believed less resistant to ultra- 
violet rays than those for typhoid, although this was controverted by Ninomiya.^si 
Heuer believed the bateriolysins less resistant than the agglutinins. Brawn 
found ultraviolet light to destroy complement but to have no effect on cholestero- 
lized antigen or on Wassermann negative or positive human serums. Gordon and 
Wormall found that the destruction of vserum complement is not due to oxidation, 
although the rate of inactivation appeared to be slightly less in a vacuum than in 
air. It is the heat-labile protein component that is most affected. Levine 
attributes the destruction to the coagulation of certain protein components. 
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Has«^k0 states that con^lemo^t, the antibodies in positive human serums^ ambo- 
ceptors, agglutinins and preeipitins all lose their specifie activity partly or com- 
pletely under the influence of ultraviolet rays, the extent depending upon the 
dilution of the protein, its colloidal properties and various other conditions. Egg 
albumin irradiated for nine hours is non-precipitable by neoarsphenamine. Paic 
and Haber®*® find the inhibiting action of mixed light on complement. to be appre- 
ciable after thirty minutes of irradiation. Destruction is complete after ten hours* 
Petterson®*^ maintains that ultraviolet rays are more active than visible light in 
inactivating in vitro the bactericidal substances of the body. Serum alexin is much 
more sensitive than ^-lysin and the bactericidal substances of white blood cells. 
Active ^-lysin is as sensitive as the inactivated substance. Blanchard finds the 
opsonic activity of normal cat serum decreased on exposure to a mercury- arc lamp. 
He suggests that irradiation inactivates the opsonins, which are probably protein- 
like, by changing their colloidal state. 

Growth. Studies have been made of the effect of daily irradiations of 
animals upon their growth. Leigh-Clare found that, if their eyes v^ere shielded, 
exposures of young growing rats for periods up to thirty minutes daily had no 
deleterious effect. Suzuki and Hatano concluded frewn a series of experiments 
with white rats, chickens and rabbits, that the ultraviolet rays present in ordinary 
daylight are far from sufficient for the vigorous development of young chicks. 

The rate of growth or the histological anatomy of the thyroid gland of rats is 
unaffected by daylight, darkness or ultraviolet light environments during their 
growth, according to Mayerson.®^^ 

Tadpoles receiving dried milk from thyroidectomized, nonir radiated goats were 
found by Kucera and Soos to grow slowly and develop abnormally small thy- 
roids, If the udder of the thyroidectomized goat was irradiated, the retarding 
effect of the milk on the tadpoles was decreased, but they did not develop as fast as 
those receiving milk from normal goats. The milk from irradiated thyroidecto*^ 
mized goats receiving potassium iodide permitted more rapid development Rats 
kept in darkness have an average blood iodine of 25 7 per cent. In the dried thyroid 
gland there is 211 y per cent,®^* The gland has the histological picture of increased 
activity, that is, less colloid, an increased number of follicles and high irregular 
epithelial cells. Rats given Vigantol or ultraviolet irradiation have a high blood 
iodine (30 to 40 7 per cent), a low thyroid iodine content (112-167 7 per cent) 
and the hi.stologic picture of increased colloid and flat, resting epithelium.®^® 

Effects on the Secretory Activity of Glands. Doses of ultraviolet light 
strong enough to cause a rapid erythema exert a histamine-like effect upon gastric 
secretions, causing the appearance of free hydrochloric acid in patients with 
so-called histamine achylia, according to Diehl.®'*® Sunbaths are also said to stimu- 
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Utc gastric secrction.^^ The usual daily variations in the acidity of the gastric 
juice arc, however, so great as to make dehnite conclusions somewhat uncertain.^^^ 
Considerable decreases in the secretory activity of the pancreas occur from three 
to five hours after fifteen to thirty minutes of irradiation of dogs.*^* "VVith shorter 
irradiation periods (seven minutes) the effects were variable, The effect is 
attributed to a substance brought to the gland by the blood and produced originally 
by the irradiation. 

Gedda finds a fifteen-minute irradiation of human subjects to have a diuretic 
effect, increasing not only the volume of urine but also its content of urea and 
especially of chlorides. 

Light treatment particularly by visible rays, increases the accumulation of zinc^ in 
the tissues of animals to which the metal is administered over that of animals receiving 
the same amount but not irradiated. Pincussen has discussed®^ the acceleration of the 
excretion of lead brought about by irradiation. Pincussen and Roman^ demonstrated 
that irradiation by the mercury arc increases the ratio of organic to inorganic iodine 
in both normal and dye-injected mice. It also increases the organic bromine at the 
expense of the inorganic bromine but has no similar effect upon the distribution of 
chlorine. 

A number of experiments have been made upon portions of ncm-intact animals. 
Azuma and Hill found irradiation of involuntary muscle by ultraviolet rays antagonized 
the action of adrenalin but not that of emetine. These rays increase the tone and 
rhythmic contractions of the muscle of the frog rectum if there is calcium in the nutrient 
fluid employed.** In the presence of magnesium, however, they cause relaxation and 
cessation of rhythmic contractions. The presence of calcium ions is also necessary for 
ultraviolet rays to stimulate the conti*action of skeletal muscle suspended in Tyrode^s 
solution. Potassium and magnesium ions appeared to moderate the effect of the cal- 
cium kms.** 

Fjelc^son*" believes ultraviolet light weakens the parasympathetic excitability of 
the 8<*rwmg' intestine and uterus by diminishing the excitability of the sympathetic 
inhitfitesr 3fend increasing that of the sympathetic motor. These modifications of excita- 
bility are thought to be durable and to persist after the cessation of the irradiation. 

Ultraviolet light directly stimulates the contracture of skeletal muscle of the frog 
independently of the presence of molecular oxygen.*’ The redox potential is increased, 
the maximum effect being produced by ten minutes of irradiation.** Larger doses 
inhibit the change. The effect is produced immediately after the exposure to ultraviolet 
rays. For the effect to occur, the dehydrogenase and hydrogen donor system must be 
present, At an optimum dosage, the reduced glutathione increases, the reverse occurring 
when excessive doses are used. Ashkenaz finds stimulation by ultraviolet light causes 
muscle fibers to give off calcium.*® 

It has been shown by KIcr that under suitable conditions, ultraviolet rays stimulate 
a rhythmic contraction of the heart in vitro. The cardiac effects of atropine are also 
influenced by irradiation of a human subject to whom it is administered, according to 

Barone, V. G., Arch. Fisiol , 31, 468 (1932); Chem Abs , 7Jy 1667 (1933). 

Keller, P.. and Loeb, M., Klin Wochschr , 4. 2390 (1925); Chem. Abs„ 20, 92 2 (1926). 
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Uchimura, T., J, Biochem. (Japan), 25, 207 (1937); Chem. Abs., 31, 5395 (1937). 

**» Ashkenaz, E. W., /. Cellular Comp. Phystol., 12, 139 (1938); Chem. Ahs., 32, 9112 (1938). 

•*®Kler, S., Compt, rend. soe. biol., 93, 1391 (1925); Chem. Abs., 20, 1821 (1926); see also Wastl, 
H., Arch, exptl. Path. Pharmakol., 114, 56 (1926). 
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Garat**^ Wlm administered Immediately alter the irradiation of children it causes an 
acceleration of the pulse rate more rapidly but less marked than in the case of non* 
irradiated sithjects. 

A substance present in alcoholic extracts of skeletal ^uscle which stimulates '^e 
action of the isolated toad heart is not affected by irradiation, according to Oana'.*** 
Haberlandt ^ believes the stimulating substance which may be extracted from the heart 
of the frog in Ringer's solution can be partly, but not completely, destroyed by ultra* 
violet light. In this respect he thought it to resemble adrenaline and the accelerating 
substance of Loewi. 

Offant and Dubouloz®** claimed tliat the rhythm of the perfused frog heart can be 
affected by the use of irradiated Ringer’s solution as the perfusion fluid, unless the 
solution had been kept at 100® during irradiation. RenoSlo,®* however, found that, in 
the absence of sensitizers, ultraviolet irradiation of either the heart itself or the per- 
fusion fluid had no effect. In the presence of dyestuffs in the perfusion liquid there could 
be observed, after a latent period following irradiation, a lessened amplitude of the con- 
tractions of the heart without any change in the tone, rhythm or frequency. 

Recently, Guttman*^ found tliat after the rhythm of frog or Limulus hearts had 
been stopped by the addition of an excess of potassium to the perfusion fluid, it could be 
promptly restored by ultraviolet irradiation. He also noted ^ that irradiation of the 
dam heart in sea water for two or three minutes caused a marked increase in tonus 
and a definite decrease in amplitude, but that the pace-maker was not affected. It was 
suggested that irradiation may increase the permeability of the cells, permitting potas- 
sium to leave and calcium to enter. The rate of the Limulus heart in sea water was 
increased by ultraviolet irradiation. The same effect was observed when the heart was 
shielded from the rays and masses of skeletal or smooth muscle were irradiated instead. 
This was explained by the assumption of the production of an accelerator substance in 
these tissues which diffuses to the heart About twenty minutes after the cessation of 
the irradiation, the frequency and amplitude are diminished, possibly because of the 
formation of a depressor substance.*®* 

Milk. In women, ultraviolet irradiation appeared to increase the quantity of 
milk secreted in ten of fifteen cases studied bv Lesne and Dreyfus-See.^®® Aside 
from an increase in the antirachitic properties of the milk, its chemical composition 
was unaffected. Knott and Garver 2*’'® found that irradiation of the udders of cows 
for twenty minutes daily for 21 days had no significant effect upon the quantity of 
milk produced or on the content of its butter fat or total solids. 

Martini finds the milk of various species of animals to exhibit different 
powers of reducing methylene blue in light. The most active is that of sheep. 
Cows’ milk loses this power very easily, especially if exposed to light. The prop- 
erty is ascril>ed, not to the fatty components of the milk, but rather to a thermo- 
stable, water-soluble substance, possibly glutathione. 

The oxidation-reduction potentials of cream and whole or skimmed milk drift 
toward the negative side on exposure to light. This potential change is accen- 
tuated by the addition of methylene blue. As the dilutions develop a progressively 
more negative potential, methylene blue becomes decolorized when this potential 

»«iGarot, L, Compt. rend. soc. hiol , 96, 1048 (1927); Ckem Ahs., 21, 2.33'^ (1927). 
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readies that capable of reducteg the dye. Similarly, the blue color reappears when 
the solution develops a potential sufficiently positive to oxidize the dye. The addi- 
tion of fat to skimmed milk hastens the reduction time of methylene bine in 
samples exposed to sunlight, probably because of the tendency of the fat to elevate 
the zone of reduction. However, the reducing intensity induced by the growth 
of bacteria is more negative than that induced by sunlight. This indicates that 
the photoreduction of methylene blue in milk is a reaction distinct from that pro- 
duced by bacteria. When skimmed milk containing methylene blue decolorized by 
sunlight is placed in darkness, the potential quickly becomes sufficiently positive 
to oxidize the leuco-base. Artificial light hastens the reduction of methylene blue 
in market milk. Light from a 75- watt electric bulb produces a potential drift in 
milk which differs only in degree from that observed in sunlight. Similar obser- 
vations that the oxidation of fat in whole milk under the influence of sunlight 
Causes the development of a reducing potential detected by its effect upon methylene 
blue or electrometrically were made by Whitehead-^^s ’ 


Effects of Ultraviolet Light Upon the Eye Media 


As the sense-organ of reception of solar radiations, the retina would seem to 
require especial protection. It is, therefore, not surprising that the structures of 
the eye through which the rays must pass in order to reach the retina act as 
filters of potentially injurious rays. Against natural ultraviolet the cornea affords 
little protection, as it is transparent to rays of wave-length greater than 
Ihe vitreous and aqueous humors transmit the ultraviolet down to 3000A, accord- 
ing to Birch-Hirschfeld,^'^® It is the lens of the eye which is chiefly responsible 
for stopping ultraviolet rays from reaching the retina. 

de Chardonnet used a quartz plate coated with a silver film of such a thick- 
ness as to be opaque to the visible and invisible spectrum except for the region 
between 3010 and 3430A. Through this plate normal eyes could not see an arc 
light, but eyes from which the lens had been removed in the operation for cataract 
could detect the movements of the arc. 

In addition to its absorptive power, the lens can alter the rays by fluorescence. 
The fluorescence is excited by rays between 3500 and 4000A. Thus we see that 
no radiation of wave-length shorter than 3500 (or more probably 3800 A) can 
reach the retina. In the later period of life, owing to yellowing of the media, 
the limit is pushed into the most refrangible region of the visible spectrum. Opin- 
ions differ greatly as to the limit of visibility. Some claim to have seen the line 
m the tin spectrum at 3175A.2T7 This may possibly have been due to stray reflec- 
tions in the monochromators employed. Saidman and Dufestel 278 claim to have 
seen faintly a line at 36S0A.278 

Exposure of the eyes to ultraviolet rays results in inflammation, but only of the 
superficial structures. This effect, which has been described in Chapter 10, is 


»» Whitehead, H. R., B%ochem, J., 25, 1647 (1931). 
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strictly comparable with the kflammation^i of the skin which are intentionally 
provoked as part of the routine of ultraviolet therapy. Like these, the conjunc-^ 
tival inflammation subsides rapidly without leaving: any trace. It is rarely desir|i»ble 
to produce such a reaction. Verhoeff and who made elaborate studies of 

the reaction, conclude that conjunctivitis is caused by rays of wave-lengths shorter 
than 30S0A. 

Many studies have been made upon the lens, particularly because of the possi- 
bility of a relation to the ultraviolet rays of sunlight and the production of cata- 
racts. Burge concluded that ultraviolet rays can change cell protoplasm in 
such a manner that certain salts may combine with it to form a precipitate or 
coagulum. Abnormal amounts of sodium silicate or calcium salts in the cells of the 
eyelids or the cornea augment the inflammatory action of the radiations. By 
exposing fish, living in dilute solutions of certain salts, to ultraviolet rays, he was 
able to produce cataracts. 

The observations of Schanz on the lehs have shown that the effect of light 
is to render its proteins less soluble. The frequency of lenticular opacity in dia- 
betes suggested a series of experiments in which equal amounts of a protein 
solution in each of a series of quartz test tubes were irradiated in the presence of 
increasing amounts of acetone. The results showed that the loss of solubility of 
the protein is increased by the presence of acetone. 

Adams finds that, although in patients with senile cataracts the serum cal- 
cium is appreciably higher than normal, calcium salts acting on fresh ox lenses do 
not cause opacity unless present in non-physiological concentrations. Nor could 
she find them to act as sensitizers to ultraviolet radiations as had been suggested 
by Burge. 

All wave-lengths, including infrared, visible and ultraviolet, are said by Burge, 
Wickwire and Schamp to be capable of rendering the lens material electro- 
negative and so being effective in producing its calcification. It is difficult to 
explain this behavior of the longer wave-lengths physically and these authors note 
the shorter wave-lengths to be much the more effective. Hinrichs suggests tliat 
the effect of ultraviolet irradiation of excised lenses in 0.1- to 1-per cent solutions 
of sodium chloride and calcium chloride is probably a surface phenomenon. There 
is involved a change in the permeability to salts or their ions and a subsequent 
precipitation of the lens protein. Calcium is more effective than sodium in pro- 
ducing the lens opacity. 

Opinion at present docs not ascribe the origin of cataracts in glass workers to 
visible rays and probably not to the direct action of either the infrared rays or 
the ultraviolet rays. Bradford and others suggested^®® the possibility that an 
indirect action on the nutrition of the lens may be ascribed to the action of the 
infrared rays on the iris and ciliary bodies.^®^ 

Lieben and Kronfeld illuminated the lenses of fresh intact pigs' eyes with 
diffused daylight in the presence of a sensitizer and also by a quartz lamp both 

“®Verhocff, F. H., and Bell, L., Proc, Am. Acad. Arts Sci., 51, 640 (1916). 

aw Burge, W. E., Am. J. Physiol.. 39, 335 (1916). 
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«« Adams, D. R.. Bmlirm. J.. 23, 902 (1928), 
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with and without a sensitizer. In no case could there be observed any decrease 
in the tryptophane content of the lens proteins. Under the same conditions in 
solutions of the lenses in alkali, containing the equivalent of 0.5 per cent of pro- 
tein, considerable destruction of this amino- acid occurred, but since the destruc* 
tion did not occur in solutions four times as concentrated, it was assumed that the 
protein of the lens is protected in high concentrations from chemical changes due 
to light. Normal human lenses and thowse with cataracts showed no difference 
in the tryptophane content of their protein. 

The ability of the lens to oxidize certain organic acids (fumaric, malic and 
succinic) is decreased by exposure to ultraviolet light,^®^ 

The glutathione content of the ox lens is decreased by exposure to ultraviolet 
light and to a more marked extent by heat rays. Frog eyes not exposed to light 
show an oxygen consumption of the order of 6.5 cu. mm. per gm. of tissue per 
minute. This is decreased by exposure to light.^®® 

The lactic acid content of the aqueous humor is unaffected by keeping animals 
in light or darkness. The naturd vitreous humor of pH 8.2 absorbs near 2600 
to 2700A, differing from the crystalline humor which absorbs at 2760A.2®2 

Effects of Ultraviolet Light on Development of Simple Organisms 

Lillie and Baskerville in reporting experiments on starfish eggs, state the 
effects produced in unfertilized eggs by brief irradiation with ultraviolet rays 
to resemble those of partial activation. The immediate change produced in the egg 
system is of the same essential nature as that caused by temporary exposure to 
high temperature or other activating agent. The primary effect of the rays is 
probably a structural change, that is a change in the colloidal substratum of the 
protoplasm and probably of the surface layer, upon which follow specific chemical 
effects as a secondary consequence. 

Exposure of the eggs of Chaetopferus for sixty to seventy seconds at 21.5 cm. 
from a mercury arc leads to a tendency of the eggs to fuse, after insemination, 
during the cleavage stages into masses of twelve to fifteen eggs, because of changes 
in the cortex.^^ 

Irradiation of normal Arbacia eggs produces at first a slight increase, then a 
decrease and finally a complete loss of the power of producing fertilizin.^®® The 
irradiation of normal egg water produces a fading of the echinochrome pigment, 
a slight increase in tlie pH, and a reduction of the agglutination of fertilizin. 
The more concentrated suspensions of sperm show an increase of viscosity and a 
decrease of surface tension following irradiation. Irradiated sperms show a reduc- 
tion of agglutinability by normal egg water. The more dilute suspensions are the 
more susceptible. 

Vies and Gex found the principal absorption band of sea urchin eggs to 
be at about 2800A. 

The growth of cultures of connective tissue may be inhibited by an eight 
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to tm minutes^ exposure to ultraviolet rays, but the cells regaiu their proliferative 
power when trativsferred to a fresh medium. The lethal dose is ten to fifteen times 

as large. ^ 

Chick embryos show a differential susceptibility to ultraviolet irradiation, the 
regions of greatest physiological activity being the most easily modified by sub- 
lethal doses.®®® These same regions also die and disintegrate tlie 'most rapidly on 
the application of lethal doses. In the embryonic stages there is a single antero- 
posterior gradient of susceptibility which in later stages is complicated by the 
appearance of local regions of high susceptibility* in general, the susceptibility 
to the modification of development by ultraviolet irradiation is proportional to the 
dosage. 

The effects of local ultraviolet irradiation of developing embryos of Triton 
taefdahis are largely limited to the surface cells, according to Darken,®®® probably 
on account of the great light absorption by the yolk granules. The result is a 
pigmentation of the irradiated area, followed by a contraction of the surface of 
the cell, which forces out its contents. In the later stages of development, 
irradiation kills the entire cell on which it falls, and the dead cell is either thrown 
out or, in still older embryos, remains within the organism without undergoing 
further development. Irradiation of the organizer region of the Triton embryo 
can completely or partially inhibit the organizing action without killing the 
embryo.^®® Since the active substance appears to be very stable, its direct inacti- 
vation by light seems improbable. Reith, however, regards the power of induction 
by the organizer region (blastopore lip) when implanted in normal gastrulae as 
very resistant to ultraviolet radiations.®®^ 

To determine the nature of the colloidal changes which occur in irradiated 
protoplasm, Remotti ®®® bred some of the young of Saint o lacustris in darkness 
and exposed others to a 1000 c.p. electric light. The serum drawn from the 
irradiated and sectioned embryos reacted more slowly with hydroquinol than that 
from non- irradiated ones. 

Chick embryo cells grown in media containing cancer-producing hydrocarbons 
are photosensitive. Methylcholanthrcne, 1.2, 5, 6-dibenzanthrene and 1.2-benzo- 
pyrene in concentrations of 0.05 to 0.1 per cent do not affect the growth or mitosis 
of the cells until the cultures are exposed to a bright light. Exposures of two to 
ten minutes cause changes in the cells and inhibit mitosis, but the cells subse- 
quently recover and proliferate, unless the exposures have been unduly prolonged.®®® 

Ultraviolet irradiation of the larvae of Drosophila mclanogastcr does not pro- 
long the larval stage as do x-rays. The immediate effects on carbon dioxide 
formation were, however, similar, according to Thompson.®®^ Small doses of 
ultraviolet light hasten the development of mosquito larvae, but larger amounts, 
and also complete darkness, are harmful.®®® 

The penetration of acetic acid into the living larvae of frogs occurs more slowly 
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in darkness than in If the larvae are exposed to ordinary lights the 

illumination is followed by no after-effects* but if the quartz lamp is us^, a definite 
influence on the permeability of the larvae remains. The irradiation of tadpoles 
causes accelerated development, but that of frog and toad spawn is without 
effect*®*^^ 

Higgins and Sheard®^® stated in respect to the early larval development of 
Rtma pipiens that the stimulative action of light is due to the region between 4000 
and 28(X)A and that lethal effects are due to wave-lengths shorter than 2800A. 
Ultraviolet rays stimulate the exogenous growth of cells and of the organism as a 
whole. However, they inhibit subsequent exogenous metabolic processes and there- 
fore interfere with growth and cause death. 

Neoplasms. The excess of nuclein phosphorus in cancerous tissue over 
that in normal tissue observed by Enselme and Enselme disappears after ultra- 
violet irradiation. On the other hand, lipid phosphorus increases in the irradi- 
ated tumor at the same time as the proportion of fat. Under the influence of 
irradiation, the tendency is for the nuclear constituents to be decreased and for the 
cancerous tissue to be transformed into fat. 

Strong irradiation with ordinary incandescent lamps seemed to accelerate the 
development of papillomas and cancers in mice treated with tar by Vies, de Coulon 
and Ugo.®^^ 

Lecithin, especially after irradiation with ultraviolet light for 24 to 600 hours 
is said by Roffo to inhibit the growth of sarcoma cells in vitro, 

Roffo and Pilar called attention to a possible relation between the increased 
cholesterol content of skin irradiated by ultraviolet light and the formation of 
tumors. They observed that 92 per cent of the skin tumors of the face occurred 
on the parts directly exposed to the sun. Keratotic carcinomas follow hyperkera- 
totic injtiries to the skin exposed to the sun.®^® 

They occur particularly in blondes ; pigmented skins are more resistant to the 
light. All of the cases studied gave a history of long exposure to the sun and 
only 3.62 per cent were less than forty years of age. Roffo exposed ten rats to 
ultraviolet light Three died within a few days. The remaining rats were exposed 
to gradually Increasing doses for two weeks and then to a continuation of the last 
dose for seven or eight months. All these animals developed tumors, multiple 
keratoses, papillomas, carcinomas and sarcomas. The common sites of the tumors 
were the regions naturally free from hair, such as the ear, the conjunctiva, or 
regions from which the hair had been removed. In one animal there was a spindle 
cell sarcoma on one ear and a carcinoma on the other. 

On the otlier hand, Seel and Carls, ®^® find ultraviolet irradiation to inhibit the 
formation of metastases in rabbits injected with the Brown-Pierce sarcoma. It 
was even able to prolong their lives. 
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Miac«u*AKEoiJs Effects on Vahious OmAm&UB 

Henri and Mme, Henri have shown that ultraviolet rays produce involtin^ 
tary movements in small animals, that a fixed minimtlm exposure (initial perfod) 
is required to produce this effect, and that a definite time (latent period) elapses 
between the termination of the initial period and the movement The results show 
that during" the initial period photochemical reactions take place in the peripheral 
organs and that the products of these reactions are distributed by diffusion and 
osmosis. The initial and latent periods are not affected by change of temperature. 
Prolonged exposure to ultraviolet rays renders Cyclops immobile, but it responds 
to ultraviolet rays and the ''initial period'^ is then longer, but gradually returns 
to its primitive value. This is also the case with an animal in which the nerve 
terminals have been etherized. The phenomenon of fatigue and the recovery of 
excitability by ultraviolet radiation, therefore, has its seat in the peripheral organs. 

Hinrichs maintains that the amount of irradiation in a given spectral region 
absorbed by the protoplasm in a given period of time determines whether there is 
to be an increase or a decrease in the rate of the physiological processes. 

The respiration of Calanus finmarchius may be increased 100 per cent by light, 
according to Marshall, Nicholls and Orr.^^® 

The photolytic action of light on the luminescent granules of the ctenophore, 
Euchoris midticornis, according to Moore, conforms to the Bunsen- Roscoe law ; 
it proceeds as a first-order reaction and is not accelerated by a rise in temperature. 

Recent observations by Kuhn, Moewus and Jerchel indicate that illumination 
of an aqueous suspension of the gametes of Chlamydomonas eugamentos leads to the 
formation of certain substances which pass into the surrounding solution, and 
enable it, when added to a dark culture of gametes, to cause them to develop motile 
flagella and to fuse. These substances may also be destroyed by prolonged expo- 
sure of the solutions to light. The motility and development of flagella is produced 
by red, yellow, green, blue and total visible light, but fusion is produced only by 
blue and ultraviolet light. These authors have concentrated the motility substance 
obtained by illumination of gametes with a 500-watt lamp, obtaining it as an 
orange-yellow dye, which after hydrolysis yielded in chloroform a spectrum similar 
to that of ^ran.r“Crocetin. The original substance may be a glucoside of crocetin, 
similar to the crosin of saffron. The fusion substances, different for the male and 
female gametes, have not yet been concentrated. The precursor is exceedingly 
sensitive to light. The light-transformed product is an orange-yellow, chloroform- 
soluble dye with properties similar to those of fraw,y-crocetin dimethyl ester. The 
cis form of crocetin dimethyl ester easily rearranges to the trans form in blue or 
violet light. 

The absorption spectrum of the porphyrin obtained by extracting the integu- 
ment of earthworms in darkness is rather rapidly altered by irradiation with light 

Mitogenetic Radiations. In 1923, Gurwitsch** claimed that certain biological sys- 
tems, sudi as the root tips of onion at certain periods of development, emit radiations in 
the short ultraviolet which may be detected by their ability to stimulate the growfli 
of other tissues. These rays are called mitogenetic radiations. An extremely large 

Henri. V.. and Henri, Mmc., ComtU rend,, 155, 414 (1912); /. Chem Soc., 102, 964 < 1912 ). 

*»Utmrich8, M.* Proc. Soc, Exptl. Med, Biol., 26, 125 (1928). 

Marshall, S. M., Nichotls, A. G., and Orr, A. I*,, J. Mafine Btol. Asaoc., 20, 1 (1935); Chem 
Abs„ 29. 3045 (1935). 

Moore. A. R., /. Gen. Physiol., 8, 303 (1926). 

Kuhn, R., Moewus, F., and Jerchel, D., Ber^, 71B, 1541 (1938). 

Kobayashi, S., Sci,, Repts, ToMku Imp. Univ., 5, 763 (1930) ; Chem, Abs., 25, 2489 (1931) 

®^Gurwitsch, L., Arch. Mikrosk. Anat, u. Entw, Meih., 100, 11 (1923). 
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mimbcr of papers deal with tiiis phenomenon, but as yet its existence can scarcely be said to 
be established. The radiations are usually stated to lie within the wave-length range of 
1900 to 2S00Af but to be emitted in such low intensities (about 100 quanta per sq, on. 
p^er second) that only by the use of a Geiger counter could they be physically detected. 
Some competent observers using this method Imve failed to detect any evidence of their 
existence.*”" Most who claim their existence have used biological systems for their 
detection. In view of the uncertainty which surrounds this field no further discussion 
will be given here of the more than six hundred recent papers concerning this alleged 
^lenomenon. The reader is referred to the critical reviews of Hollaender and Claus 
It is said that the origin is one of several chemiluminescent reactions such as oxidation, 
glucolysis, hydrolysis, splitting of nucleic acid, etc. It has even been stated that such 
processes as the setting of plaster of Paris emit ultraviolet rays detectable only by their 
ability to produce a pigmentation of the skin. ^ Closely related are the necrobiotic rays 
which Lepeschkin believes to be emitted during the decomposition of constituents of 
cells whidhi have just died.*** 

Lorenz, E.. U, S. Public Health Repts,, 48 , 13U (1933). 

«»* Hollaender, A., and Claus, W. D.. /. Opt. Soc. Am., 25, 270 (1935). 

®®Note also the article by Hollaender, A., in Duggar, B. M., “Biological Effects of Radiation," 
Vol. 2, New York, McGraw*Hill Book (Company, Inc., 1936. 

“•Lepeschkin, V^, W., Ber. deut. Bot, Ges., 50, 367 (1932); Chem. Abs., 27, 3 1 6 (1933). 
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Chapter 37 

Therapeutic Applications of Ultraviolet Light 
Exclusive of Rickets 

The health-promoting properties of sunlight have been recognized from the 
earliest times. The Egyptians treated their sick by exposing them to the sun and 
the Greeks and Romans had solaria. In the development of medicine, however, 
actinotherapy received relatively little attention until Finsen in 1893 began a sys- 
tematic study of the therapeutic uses of light. 

Local Therapy. His most notable results were attained in the treatment of 
lupus (skin tuberculosis) by the rays from a strong carbon arc. Since the source 
used by Finsen was relatively poor in the effective ultraviolet radiations it was 
necessary to make prolonged exposures with local pressure for an hour every five 
days over a period of a])out six months. The advent of the therapeutic quartz 
lamp with the improvements described by Kromayer (see Chapter 7) made it 
possible to shorten the irradiations to but a few minutes. Although Finsen attrib- 
uted the results to a direct bactericidal action of the rays, it seems, however, that in 
many cases the bacilli may be lodged too deep for the rays to penetrate to them. 
Rost, Jessionek and Reyn have suggested that the effect may be indirect since it 
was found that areas of lupus beyond the immediately irradiated areas also showed 
improvement. 

Dermatologists use this form of treatment for a number of skin diseases other 
than lupus.’^ The Council of Physical Therapy of the American Medical Associa- 
tion stated that ultraviolet irradiation may produce a favorable effect in the follow- 
ing dermatoses : scrofuloderma, erythema induratum, eczema, psoriasis, parapsori- 
asis, pustular folliculitis, indolent ulcers, furunculosis, acne vulgaris, angioma 
serpiginosum, pityriasis rosea. It also is stated that this treatment may induce an 
attack, cause an exacerbation or produce other injurious effects in the following 
conditions: eczema, psoriasis, lupus erythematosus, herpes simplex, xeroderma pig- 
mentosum, farmers’ skin, and prematurely senile skin. It was held that in some 
cases the effect of the treatment may be due to a local lethal action upon the super- 
ficial diseased cells, which subsequently gradually slough off. In other cases, the 
effects are due to causes far more complex and as yet but little understood.^ 

Dentists have stated that unfiltcred rays from a Kromayer lamp may be 
employed to advantage in the treatment of sockets after extraction to relieve pain 
and to promote the formation of new tissue. The usual technique is to precede a 
one-half to five-minute application of the rays by a thirty-minute application of 
infi'ared rays. 

Sunlight therapy for local diseased areas was introduced by Bernhard in 
Switzerland. He states ^ that he first observed the beneficial effects of sunlight 

» Russell, W. K„ Am, Med., 34, 390 (1928), 

® American Medical Association, “Handbook of Physical Therapy," 2nd Ed., 1937. 

“Bernhard, O., cited by Laurens, H., “The Physiological Effects of Radiant Energy," p. 136, New 
York, The Chemical Catalog Co. (Remhold Publishing Corp.), 1933. 
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upon large intractable wounds in 1902. Bernhard attributed the beneficial effects 
of sunlight to the entire spectrum rather than to just the ultraviolet region. He 
considered the more penetrating visible and near infrared radiations to stimulate 
epithelization. The hyperthermia produced by the infrared rays lessens the pain 
and increases the local circulation. The direct application of the rays of the quartz 
mercury-arc lamp to wounds not only fails to provide these beneficial radiations but 
may be deleterious. 

Rasero^ however, claimed that good results followed the irradiation of torpid 
wounds with the mercury arc, and Coulter and Smith found doses of ultraviolet 
light which produce a mild erythema on normal skin to aid in the treatment of bums 
and wounds.® They also recommend ultraviolet light in the preparation of infected 
granulation tissue for skin grafting. 

Since the water-cooled Kromayer arc emits a large proportion of its energy as 
wave-lengths shorter than 3000A, it tends to produce more lethal effects than the 
air-cooled mercury-arc. The radiations from the water-cooled arc described in 
Chapter 7 may be applied to areas within the body orifices by means of quartz 
applicators employing the principle of internal reflections. A wide variety of these, 
vaginal, prostatic, proctoscopic, nasal, sinus and the like, are available. 

General Body Therapy. A more recent development is the general irradiation 
of large surfaces of the body. Among the most brilliant clinical developments of the 
past few decades have been those reported by Rollier and others on the use of sun- 
light in the treatment of tuberculosis of the bones and joints. Since these results were 
obtained in a clinic opened in 1903 at Leysin in the Alps, at an altitude of 1500 
meters, they were attributed to the ultraviolet energy abundant in the solar radia- 
tions at those altitudes. As yet, however, there can scarcely be said to be general 
agreement among those who use the methods of heliotherapy most successfully as to 
which rays of the sunlight are of the greatest value. The problem is obviously 
complicated, since factors other than sunlight, such as the effects of altitude, fresh 
air, rest, adequate diet and other therapeutic measures affect the results attained. 
Thus it is difficult even to evaluate the part in the cure played by sunlight. There is 
obviously still a need for much experimental work before it will be known which 
wave-length regions contribute most to the value of this form of therapy. 

That heliotherapy can be successfully employed at sea level has subsequently 
been demonstrated, notably by Sir Henry Gauvain in England. Gauvain attributed 
much of the value of heliotherapy at sea level to the frequent variations in intensity 
which are encountered there. It may be recalled that it had been demonstrated by 
Laurens and Mayerson that fluctuations in light intensity stimulate various physio- 
logical processes. Other successful clinics for heliotherapy at low altitudes have 
been those of Kisch near Berlin, of Phelps in New Haven at Yale,® of LoGrasso at 
Perrysburg, New York,^ and one at Chestnut Hills in Pennsylvania, described by 
Eliason.® 

At some of these clinics, heliotherapy has been supplemented by the use of arti- 
ficial light sources, particularly during dark seasons and during the months when 
the ultraviolet radiations in sunlight are reduced in amount. Reyn supplemented the 
local treatment of lupus at the Finsen Institute with general body irradiations with 

*Ra»ero, R., Riforma Medica Naples, 38, 772 (1932). 

“Coulter, J. S., and Smith* E. M., Jr,* Radiology, 16, 737 (1931). 

•Phelps, W. M., /. Bone Joint Surgery, 12, 2S3 (1930). 

Mayer, E., ‘‘Clinical Application of Sunlight and Artificial Radiation,” Baltimore, Williams and 
Wilkins Company, 1926. 

“ Eliason. R, T., AnnaU of Surgery, 68, 947 (1928); note also Armand-Delillc, -P., State Med,» 
,|3, 709 (1935). 
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the carbon arc. Others employ the ait-cooled quarta mercury arc for this purpose, 
Mayer has, for example, stated that peritoneal tuberculosis usually responds to the 
latter form of treatment. The lethal rays emitted byi^the mercury arc are reduojd 
considerably in intensity as compared with those of the closely applied water-cooled 
arc, by the greater distance between the arc and the patient. The present tendency, 
however, seems toward the use of the carbon arc in solaria for the irradiation of 
large numbers of patients at one time, since its emission corresponds so much more 
closely to that of sunlight than does that of the mercury arc. A recent hospital 
installation is shown in Figure 24 (p. 63). 

Because of selective reflection of various spectral regions, consideration must be 
given to the nature of the reflectors used with either the carbon or the mercury arc. 
These, if improperly chosen, may alter the quality of the radiant energy emitted by 
the source. If it is desired to study the relative effectiveness of various spectrd 
regions, provision must be made for the use of suitable filters surrounding the 
source to isolate various bands of wave lengths. 

The intensity on a given skin surface normal to the rays varies approximately 
as the inverse square of the distance from the arc. This is only a rough statement 
because the arcs used are not true point-*sources of light. The intensity also varies 
with the cosine of the an^le made by the skin surface with the beam of radiant 
energy. These factors may be considered in calculating the amounts of energy 
received per square cm. of skin from known values of the energy output of the 
source under the conditions of operation employed. In practice, however, the energy 
incident upon the patient may be directly measured by some calibrated apparatus, 
such as a thermocouple, photoelectric cell, or chemical actinometer. 

In determining the dosage in practical therapy, the physician is usually guided, 
not so much by energy measurements, as by experience with the effects of the 
source on patients with various types of skin. A test exposure is made to determine 
the time required to produce a given degree of erythema, and on this is based the 
dosage to be applied to the body. The erythema test is made on the patient*s upper 
arm, which is covered by a shield cut from a large envelope and containing five 
small holes. Under this shield is placed a strip of the same material as the shield, 
which may be withdrawn so as to expose successive areas. A convenient series of 
exposures permits the irradiation of the areas for times successively doubled from 
fifteen seconds in the last exposed area to a total of four minutes in the first. These 
periods are usually suitable for exposures at 36 inches from a bare A-2 National 
Carbon Co. carbon arc with high-intensity carbons and without a filter glass. In an 
individual of less than average susceptibility to sunburn, the spot receiving the four- 
minute exposure shows a visible degree of erythema about forty minutes after the 
completion of the test and all five spots are clearly visible in less than two hours. 
Substantial pigmentation results from all exposures but that of fifteen seconds. 
With the filter glass in place the exposure period required to produce a given 
degree of erythema is three to four times as long as that required when the same 
carbons are used without the filter. This method of grading the dosage serves as a 
safeguard against overexposing areas large enough to cause painful and possibly 
injurious burns. 

The full line curves of Figure 21 (p. 61) show the distance at which the 
radiation intensity in the wave-length region 2900 to 3100A. equals that found in 
average clinical sunlight for patients at various distances and angles from the 
filtered carbon arc. The average intensity of tliat wave-length band in clinical 
sunlight is taken as 14.5 microwatts per sq. cm. The curves are for high-intensity 
Sunshine carbons. With high- intensity therapeutic carbons, the intensity will 
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be over three times the value indicated in the figure. With the filter removed, the 
intensity of radiations shorter than 3100A will be about 18 times the values shown. 
The wave-length range specified was chosen for reasons which will become apparent 
in the discussion of the treatment of rickets in the following chapter. 

Several clinicians attempt, in administering general irradiations for systemic 
effects, to produce a gradual deep tanning of the entire body without causing vesica- 
tion or undue peeling of the skin. It is scarcely necessary to state that the eyes 
should be carefully protected during the exposures. Details of the technic should 
be sought in the detailed reports in the medical literature. It is sound practice to 
commence by fractional exposures, at each sitting exposing a fresh part and 
increasing the exposure of previously irradiated regions until the irradiations cover 
the whole body. This has been the practice of Rollier in heliotherapy, and it finds 
experimental justification in the work of Levy (1916) and of Gassul (1920), who 
have shown that general irradiation of the whole body at the first sitting may lead 
to unfortunate results. Although at one time it was suggested that patients could 
be sensitized to light to make the treatments more effective by the injection of 
eosin, such methods are no longer employed.® 

MacCormac and McCrae have given an account of a serious dermatitis 
which followed a mercury-arc irradiation of about an hour and ten minutes in the 
case of a patient who fell asleep during his customary artificial sunbath. After a 
severe sunburn, there resulted ten days later a severe toxic generalized dermatitis 
and recovery was delayed for over a month. 

There is as yet no general agreement as to the best methods of conducting 
irradiation therapy. Details of the methods employed and of the results obtained 
in the treatment of tuberculosis of the bones and joints, peritoneum, intestines, 
lymph-nodes and genito-urinary system must be sought in the texts of Rollier,^ ^ 
of Mayer, and of Russell and Russell, which deal with the experience with this 
therapy in France, the United States and in England.'^ 

There has been one group of workers which holds that pigmentation is neces- 
sary to the airative action of ultraviolet rays and that its degree may be regarded 
as an index of the progress of the cure. A filtering action of the pigment might 
serve to lessen the lethal action of exposures to intense sunlight at high altitudes 
where there may be available a very narrow band of radiations of wave-lengths 
between 2970 and 2910A. However, since most of the pigment is located in the 
basal cells of the epithelium, and the lethal action occurs in the prickle cells, the 
pigment could be expected to exert a protective action only upon the deeper tissues 
which, except in the case of the most intense irradiations, are comparatively slightly 
affected. 

Balderrey and Ewald stated that pigmentation is not merely a protection 
against the harmful effects of the shortest wave-lengths, but is an important factor 


•Gyorgy, P., and Gottlieb, K., Klin. Wochschr., 2, 1302 (1923); Chem, Abs,, 19, 1600 (1925). 

MacCormac, H., and McCrae, H. M, British Med. J., X, 693 (19J5) 

U RoUter, A., “Heliotherapy." Translated by dc Swietochowski, H. Milfoul. Oxford University 
Prm, 1927. 

Mayer, E., "Qimcal Application of Sunlight and Artificial Radiation/’ Baltimore, Williams and 
Wilkins Company, 1926. 

Russell, E. H., and Russell, W. K., "Ultraviolet Radiation and Actmotheiapy." New York, 
Wm. Wood, 1928. 


For more recent reports, see Fetter, C. K., Ann internal Med., 4, 1452 (1931); I^hraan A M, 
and Bartholomew, D. C., J. Am. Med. Assoc., 98, 1343 (1932); Willis, H. S., and Cohen, J.. Am. 
Rev. 'I nherculosis, 23, 286 (1931); Tessel, G-, I meet, I, 1182 (1931), Pardee, K., /. Bone & Joint 
Surgery, 12, 270 (1930); Cox, G. L., Brtt. J. Tuberculosis, 24, 1 (1930); Tubercle, 12, 17 (1930); 
]|^eb>s, W. M., /. Bone md Joint Sutffery, 12, 253 (1930); Mayer, E-, Ann. Internal Med,, It, 
tll|t6 (1938). 

Balderrey, F. C., and Ewald, E., Am. Rev. Tuberculosis, 8, 501 (1924). 
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in aiding the absorption of visible light, since its presence lessens the reflection 
from the skin. It also was suggested that the pigmented surface radiates heat at a 
slightly increased rate and so permits the body to be subjected to longer periods 
of irradiation without the production of symptoms of insolation, ^ 

One school maintains that pigmentation may be prodttced without visible ery- 
thema, provided very carefully graduated doses are employed. Another believes 
that in the treatment of tuberculosis, doses causing erythema are more productive 
of beneficial results than are repeated smaller ones. If the views of those who 
believe the beneficial effects are to be ascribed to the non-specific proteins or pro- 
tein decomposition products produced by injured cells are held correct, it might be 
thought necessary to use w^ave-lengths capable^® of producing erythema in order 
to produce the necessary cell injury. If, on the other hand, the beneficial results 
are due to the formation in the skin of some substance with curative properties, as 
has from time to time been suggested in analogy with the mechanism of the cure 
of rickets, then it is conceivable that wave-lengths other than those which cause 
erythema might suffice. These speculations state problems for the future which 
will probably best find their solution in well-controlled experiments in large insti- 
tutions. It would be possible from such experiments to learn definitely which 
wave-lengths are essential to the curative process and to determine with some 
degree of accuracy the dosages of energy required at these wave-lengths. Such 
information would provide a basis for a study of the mechanism by which the 
therapeutic results are attained — a mechanism regarding which we have at present 
little more than speculations. 

Phelps has asserted that the beneficial results are due to a band of radiant 
energy lying between 3200 and 3800A. His work could not, however, be corrobo- 
rated by Luce-Clausen and Bayne- Jones and it has been suggested that his 
assumption that the sunlight he employed was devoid of rays shorter than 3130A 
may have been erroneous and that the filters he employed in other experiments may 
not have completely eliminated the shorter wave-lengths. 

Experiments in which guinea pigs were injected intra-abdominally with tubercle 
bacilli failed in most cases to indicate that irradiated animals were more resistant 
than the non- irradiated controls.^® Greenfield found some favorable response 
in the case of irradiations by direct sunlight in such experiments. 

The possibility that the production of vitamin D has a favorable effect on tuber- 
culosis will be considered in the following chapters. As yet opinions are divergent 
as to the advisability of employing this form of therapy in pulmonary tuberculosis. 
There is still an opinion held by such workers as Rollier and many others that 
phototherapy is dangerous in such cases. On the other hand, several recent 
observers including Potter, Eberson, Cooper and others believe that if caution is 
used, the treatment may be productive of valuable results. 

Jemma states that in twenty children with bone and joint tuberculosis, a 
lowered alkaline reserve was restored to normal during ultraviolet light therapy. 
In adult patients, Spence ^2 observed a considerable rise in the blood cholesterol 
after a month of treatment. The greatest rise occurred in those patients who 

Peskincl, S., cf. “Photoclicmtcal Immuniz.ation : Autogenous Vaccination Through Irradiation,'* 
S. P. Mount & Co., Cleveland, 1934. 

Phelps, W. M., /. Bone and Joint Surgery, 12, 253 (1930). 

^ Luce-CIauscn, E. M., and Bayne-Jones, S., Ant, Review Tuberculosis^ 2At 686 (1931). 

^ Steinbach, M. M., Hess, A. F., and Weinstock, M., Am, Rev. TubercuJosts, 22, 35 (1931). 

Greenfield, M., Am. Rev. Tuberculosis, 24, 695 (1931), 

Jemma, G., Pediatria Revista, 36, 878 (1928); Chem. Abs., 22, 4620 (1928). 

Spence, C, Brit. J. Actinothcrapy, 3, 148 (1928); Chem. Abs., 23, 8S8 (1929). 
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showed dinkally the greatest improvement. No significant changes in the calcium 

and phospjianjs levels were observed. 

With the demonstration o{ the value of ultraviolet therapy in the treatment 
of tuberculosis and of rickets (see Chapter 38), irradiation came to be used with 
varying results in a wide variety of diseases. The literature is replete with daims 
for its efficacy in conditions ranging from mental diseases through whooping cough 
to bronchial asthma. Unfortunately, the results obtained have not been such as to 
sustain the enthusiasm with which the method was lauded. Illogical attempts to 
utilize ultraviolet light for conditions for which there is little theoretical or experi- 
mental foundation met with failure and caused many physicians to discard expen- 
sive equipment. 

The physiological studies reviewed in the preceding chapter reveal few responses 
to ultraviolet light which may serve as a basis upon which to build a rational 
therapy. Studies of the irradiation of abnormal or diseased subjects have given, 
at least in the case of rickets, more promising results. It might be thought that 
the reduction in blood pressure to which reference has been made in the preceding 
chapter might serve as a basis for expecting irradiation to give results in the treat- 
ment of hypertension. Indeed, some favorable responses to this treatment were 
recorded by Laurens in a study of a series of cases of essential hypertension. Others, 
however, proved entirely refractory. Marx^^ reported rather favorable results in 
a series of 21 ambulant, hypertension patients, using carbon filament lamps. With 
the carbon arc, Bach^^ found that in 105 observations on 19 men and 10 women, 
the blood pressure fell during irradiation in 101, showed no change in 2 and 
increased slightl}'' in 2 observations. The decreases averaged 72 mm ; the largest 
was 17 mm, With the quartz mercury arc, Kocnigsfeld observed decreases of 
two to eight mm. immediately after irradiation. In eclampsia, Hochen- 
tjllchler obtained marked decreases in blood pressure, but frequently it rose again 
i^ortly after the treatment. The probability is that dilatation of the skin vessels 
produces a transient lowering of the blood pressure and causes some decongestion 
of blood from the internal organs. 

The results in anemias have not in general been encouraging, although some 
favorable results in pernicious anemia were reported from the Taft Heliotherapy 
Ward at the Cincinnati General Hospital.^’’ 

There is a widespread impression that the emplo 3 mient of ultraviolet light in 
treating patients with diabetes is dangerous. This is in part based upon observa- 
tion by Sampson and by McCaskey.^® From the fact, however, that the blood 
sugar is commonly reduced somewhat during irradiation, it seems that there is 
little if any foundation for this contention. Indeed, some workers, such as Faber 
and Bloch,®® have obtained encouraging results in its use in the treatment of 
diabetic children. Grayzel, Collens and McKenzie found it to have no effect on 
the sugar balance of such patients. 

That ultraviolet irradiation should increase the resistance of the skin to infec- 
tion was a natural suggestion from the results of local therapy. Rollier noted that 

»Mafx, H.. Klin. IVochschr,, 7, 795 (1928). 

*^Bach, H., Deut. Med. Wockschr., 37, 401 (1911). 

« Koenigifeld, H., Z. Klin. Med., 91, 159 (1921). 

Hochenbichler. A., Centralbl. GyndkoL, 51, 1649 (1927). 
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- »i Grayzd, H. G., Collens, W. S., and McKenzie, M. R,, Am. 7, Diseases of Children, 38, 513 <1929). 



AmiCATIONS OP ULTRAVIOLET LIGBt 


77$ 


the eruptions of chicken pox are slighter than usual in patients with pigmented 
skin, Hyde and LoGrasso found that skin infections occurred but rarely in pig- 
mented patients, and Carnot, Camus and Bepard found that in rabbits irradiated 
before inoculation with vaccine virus, the development of an eruption was pre- 
vented.®* 

That the blood should also become increasingly bactericidal as a result of the 
generalized irradiation of a patient has been occasionally suggested. Colebrook, 
Eidinw and Hill have given some evidence for a temporary increase in the 
bactericidal power of the blood following a single exposure to the mercury arc. 
Robertson®^ believed that solar or mercury-arc irradiation of rats raised their 
resistance to infection with B. coli communis. Blast fotmd that the opsonic index 
of the blood serum of children with a positive von Pirquet test toward the tubercle 
bacillus was increased after ten irradiations with the mercury arc. Hansen found 
that carbon arc baths applied to 230 patients who had received single injections of 
dead typhoid bacilli increased the formation of agglutinins in their blood. He 
believed the effect due to the heat of the deeply penetrating infrared rays. In 
general, however, immunological experiments (described in the preceding chapter) 
have given little foundation for a belief that irradiation increases resistance. 

Many have suggested that generalized irradiations might protect people from 
the common cold. Maugban and Smiley at Cornell ®® conducted a series of experii* 
ments on students, in which 23 received full mercury-arc treatments at 30 inches, 
the arc being operated at 4 amperes and 130 volts. The entire posterior and 
anterior surfaces of the body received the rays for five minutes, the treatments 
being given weekly for about nine weeks. 58 controls were used. Ehiriug this 
period the number of colds per individual treated wa.s 1.48 and per individual 
untreated 2.48. These workers ascribed the failure of others to reduce the inci- 
dence of colds by this method to overdoses. In a second series, in one twelve-week 
period the results were 1.56 and 2.80 colds in the treated and untreated subjects. 
A second period of nine weeks showed 1.24 and 2.79, respectively. The subjects 
used were selected as being especially prone to suffer colds. 

These results were, however, contradicted by the work of Doull, Hardy, Clark 
and Herman vvrho also used mercury arcs and gave light or moderate doses which 
produced only a minimal erythema. The total incidence was found to be slightly 
higher in the irradiated patients receiving more than ten treatments than in the 
controls. The cases occurring in the irradiated group also appeared to be some- 
what more severe than those in the non-irradiated subjects, 

Barenberg, Friedman and Green,®® found that irradiation did not protect infants 
from whooping cough, chicken pox or respiratory infections. Both the carbon 
arc and the mercury arc were used. In children the evidence from blood counts 
showed, according to Gonce and Kassowitz ®® no enhanced bactericidal property 
in the blood after ultraviolet irradiation. They concluded' that in the majority of 
their patients, particularly if they were the hosts of an infection, daily quartz lamp 


“Sec algo Rivers. T. M,. Stephens, H„ and Gates, F. L.. J. Exptl Med., 47, 37, 45 (1928). 
11^963' A - 

w at/oT 

“Blasi, D., CUnica Pediatrica, H, 832 (1929), 

Smiley, D, E.. J. Preventive Med., 2, 69 (192$); Am. L Hygiene, 9, 466 


“ DouU, J. A., Hardy, M., Clark, J. H., and Herman, N. B., Am. J. Hygiene, 13, 460 (1931). 
“Barenberg, U H., Friedman, E, and Gr^, O., /. Am. Med. Assoc., 87, IU4 (1926); Baienherg, 
U H., and Lewis, J, M., Ibtd., 9^ 504 (1928). 

“Gonce, J. F., and Kassowita, /. Am. Med. Assoc., 90, 280 (1928). 
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imdJation M to a lowered bactericidal power of the blood. The opposite effect 
was detained in a few cases. Similar observations are dne to Colebrook.^® Hardy 
and Chapman, who studied the effect of irradiation on the ability of rabbits to 
resist Bacillus lepHscptioim, found lig:ht doses to have little effect and heavy doses 
to be harmful. According* to Petrie,^^ the susceptibility of guinea pigs to spon- 
taneous pneumococcus infection was not affected by irradiation. Negative results 
were also reported by Hill, Greenwood and Topley in an extensive experiment 
on the effects of exposure under normal conditions on the resistance of over a 
thousand mice to Pasteurella infection. 

In the annual report of the Medical Research Council of London for 1927-8, it 
is stated that heavy expenditures for Vita-glass or other ultraviolet-transmitting 
glasses for school rooms or for expensive irradiation equipment for schools has 
not been justified. Under the auspices of the Council, Dr. Dora Colebrook arranged 
an elaborate test of the value of lamp therapy, the results of which were entirely 
negative. Her experiment, however, has been criticized, notably by Hill and 
Laurie,^® who felt that the control children had been unwisely selected in that they 
lived in a district where the hygienic conditions and the available sunlight had 
been adequate. Their own observations indicated that irradiation improved the 
appetite and sleep of a group of children. The Council on Physical Therapy of 
the American Medical Association has stated that as far as normal persons arc 
concerned the claim that exposure to ultraviolet rays increases or improves the 
tone of the tissues or of the body as a whole, stimulates metabolism or tends to 
prevent colds has not been conclusively substantiated. 

Thus it would seem that opinions are still divergent in regard to the value of 
generalized irradiations on the general health and resistance to disease. This is a 
particularly difficult subject to investigate objectively. General reports of feelings 
of exhilaration or invigoration cannot be appraised scientifically. In contrast to 
this, the value of irradiation on the prevention of rickets is definitely confirmed 
and well understood. 


There is some evidence that irradiation has a beneficial effect in bronchial asthma, at 
least in children.^ In hay fever, hyperesthetic rhinitis and the asthmas, investigations 
by Novak and Hollaender indicated favorable results attributed to an influence exerted 
upon the blood calcium which tended to be low in these conditions. Favorable effects 
of ultraviolet tlierapy given in conjunction with calcium salts in epilepsy have been 
reported by Borrows.** 

Roskin and Romanova*^ find that non-therapeutic doses of novarsolan given with 
ultraviolet irradiations have no effect on malaria in canaries although they are effective 
in mice. The serum of irradiated mice has the property of increasing the therapeutic 
action of novarsolan, neoarsphenamine and novarsenol in the malaria of canaries, pre- 
sumably because of the passive transfer of some necessary factor. Although Roskin and 
others claimed** that irradiation synergizes the trypanocidal action of neoarsphenamine, 
Giemsma and Ellenbogen** could not confirm such an action. Negative results have 


« Colebrook, L., Brit. Med. 2, 11 (1924). 

Petrie, G. F., J. Hygiene, 30, 154 (1930-31). 

Hill, L., Greenwood, M., and Topley, W., Brit. J. Exptl Path., 11, 182 (1930). 

^ Hill, L., and Laurie, A. R., Lancet, I, 182 (1931). 

^Saidraan, J., Arch. Med-Chir. VApp Respiratoire, 3, 480 (1929). 

^ Novak, F. J., and Hollaender, A. R., /. Am. Med. Assac., 81, 2003 (1923); Chem. Abs., 18, 1353 
(1924). 


Borrows, P. J., U. S. Veterans Bureau Med Bxdl., 7. 661 (1931); Chem. Ahs , 26, 2245 (1932) 
Roskin, G.* and Rotnanova, K., Z. Immunitats,, 82, 461 (1934): Chem. Ahs., 28, 7361 (1934); 
Z. Immunit&U.r 62, 147, 158 (1929); 72, 445 (1931); 67, 94 (1930); Chem. Abs,, 25, 3080 (1931). 


^Roskin, G., Bichowskaja, A., and Schischliaicwa, S., Z. ImmunitSts., 67, 91 (1930); Roskin, G., 
Ibid. 69, 240, 473 (1930); 63, 452 (1929); Chem. Abs., 25, 3080 (1931). 

Giemsma, G., and Ellenbogen, V., Z. Tmmunitbts., 67, 78 (1930); Chem. Abs., 25, 3080 (1931); 
positive results have lx:en reported by Marzinovskii, E. J., Z. TmmumtBis., 74, 379 (1932) and by 
Oijov, S„ and Levinson, L., Ibid., 78, 264 (1933); Chem. Abs., 27, 5422 (f933). 
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also been reported for the effects of ultraviolet irradiation on the splenic anemia of 
kala-azar by Morabito,®® although in the anemias of luetic or tuberculous origin the 
results were more favorable. 

Attempts have been made to treat mastitis in cows by ultraviolet irradiations; but 
Gildow, Hausen and Cherrington found no consistent reduction in the number of 
bacteria or of tlie leucocytes in the middle milk of cows with subacute or chronic 
mastitis after such treatment. Ultraviolet treatment has also been proposed for dis- 
temper in dogs.®“ 

Von Fellenberg was unable to obtain evidence that ultraviolet irradiation had any 
effect upon endemic goiter. The weight and the iodine content of the thyroid are the 
same in rats reared in direct sunlight and in those reared in darkness.** Smith,** how- 
ever, believes that a lack of sunlight may result in a deficiency of iodine in the thyroid 
gland and notes a relationship between a lack of irradiation and endemic goiter in the 
United States, India and New Zealand. In the last-named region the iodine content of 
the soil seems to be proportional to the solar radiations and similar observations have 
been made in regard to variations in the iodine content of potatoes grown in South 
Carolina. 

«»Moiabito. F., Pediatna Revista, 35. 1U2 (1927); Chem. Abs., 22, 1801 (1928). 

»^G0dow, E. M.. Hansen, H. C., and rherrmgton, V. A„ 7. Am. Vet. Med. Assoc., 35, 55 (1933); 
Chem. Abs., 27, 1399 (1933). 

Foi other applications in veterinary medicine, see Patton, ). W., J. Am. Veterinary Med., 59, 
734 (1926). 

‘^Von Fellenbeiir, T., Bwchem. Z., 235, 205 (1935). 

«*Bul sec Bergfcld, W., Endokrinolodie, 5, 269 (1930); Chem. Abs., 24, 3552 (1930). 

BR Small, J. H., Arch. Internal Med., SO, 76 (1932). 



Chapter 38 

Rickets and Irradiation 

Rickets is a common disease of infants and young children. It consists chiefly 
in a faulty deposition of calcium in the extremities of the long bones. The clinical 
picture is trhoroughly discussed in a book by Hess ^ which also includes a critical 
discussion of the flood of papers which appeared subsequent to 1919 regarding the 
impoiJtance of vitamin D in this condition and the relation of sunlight to the 
production of this vitamin in the skin. The disease is accompanied by disturbances 
in calcium or phosphorous metabolism. It is usually characterized by low values 
of either or both calcium and phosphorus in the blood serum. 

In 1909, the pathological studies of SchmorP brought to light an interesting 
seasonal variation in the incidence of the disease. There is a high incidence of 
rickets in winter and the healing of the disease, slight in winter, reaches its maxi- 
mum in summer. Not for some time, however, were attempts made to correlate these 
data with the seasonal variations of the intensity of sunlight, although it is true that 
an Btt^lishman, Palm, had suggested as early as 1890 ^ that the chemical activity 
of sun's rays may play an important part in tlie therapy of this disease. An 
eaqpetiinent by Raczynski ^ attracted little attention. He kept one puppy in sun- 
light and another of the same litter in darkness for six weeks. At the end of this 
period, the body of the first was found to contain much more calcium and phos- 
phorus than did that of the second. Bernhard in 1917 also drew some conclusions 
as to the influence of sunlight on the incidence of rickets in the children of certain 
Alpine villages. 

Apparently the first definite statement that the irradiation of a rachitic child 
with ultraviolet rays would bring about a cure was published by Hulclschinsky in 
1919.® His paper contained a number of Rontgenograms which indicated beyond 
any doubt that the epiphyses of the long bones of rachitic infants undergo rapid 
calcification following the exposure of their bodies to a mercury-vapor lamp. 

Clinical observations by Hess and Unger a year previously had indicated that 
such irradiations might have a slight efifect in decreasing the size of the enlarged 
costo-chondral junctions, the so-called rachitic rosary, a diagnostic sign of rickets. 
They attached little significance to this, however, for in 1920 they stated that 
children in glass cubicles receiving a liberal supply of light nevertheless became 
rachitic and were not benefited by ultraviolet light treatments.® A year later, how- 
ever, they published a preliminary note on the cure of rickets by sunlight ^ in 
which they employed the expression “encouraged by our results in curing rickets 
by means of the ultraviolet ray.'' At this lime they also attributed the seasonal 

1 Hess, A. F., “Rickets. Osteomalacia and Tetany/' Philadelphia, Lea and FebinRcr, 1929. 

® Schmorl, G., Btgeb. der Inn. Med. u. fCinderheilk^ 4, 403 (1909); cited in Hess, A. F., “Rickets, 
Osteomalacia and Tetany," Phtladelphin, Lea and Fcbmger, 1929. 

» Palm. T. A., Practitioner, 45, 270, 321 (1890). 

* Raczynski, J., Compt rend, assoc, intern, pediat., 308 (1912); cited in Uess, A. F., “Rickets, 
Osteomalacta and Tetany," Philadelphia, Lea and Fcbmger, 1929. 

0 Huldscbinsky, K., Dcut. Med. Wochschr., 45, 712 (1919). 

® Hess, A. F., and Unger, L. J„ /. Am. Med. Assoc., 74* 217 (1920). 

®Hc88, a. F., and Unger, L. J., /. Am. Med. Assoc., 77, 39 (1921) 
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variations in the incidence of the disease to the seasonal variatibns in the intensity 
of sunlight.® 

The further study of this disease was promoted hy^ the discovery that it could 
be produced in eicperimcntal animals by the use of deficient diets, particularly those' 
low in phosphorus.® It was soon shown that animals receiving a diet either low 
in phosphorus and high in calcium or one low in calcium and high in phosphorus 
developed symptoms of rickets. They could be protected from the effects of tite 
diet by daily exposures to Sunshine of only fifteen minutes, except in winter when 
longer exposures were required. The demonstration that light filtered through 
a window of ordinary glass was ineffective showed that only the ultraviolet por- 
tion of the solar spectrum was important Only short periods of exposure to 
ultraviolet sources were required for protection against the defective dkts. With 
the quartz mercury lamp a daily irradiation of three minutes at a distance of three 
feet was adequate. These effects on the growth and skeletal calcification of the 
rats were similar to, if not identical with, those brought about by sunshine or by 
the addition of cod-liver oil to the diet Cod-liver oil was the remedy in most 
frequent use in the treatment of rickets.*® 

These results were quickly confirmed on many sides ** and the curative results 
of carbon-arc treatments also were observed.*^ During the treatment the inorganic 
phosphates of the blood increased, and the signs of the disease subsided. Pre- 
administration of phosphates hastened the cure, although addition of dipotassium 
hydrogen phosphate in the absence of irradiation was unsuccessful in clinical cases. 

The next important advance was the demonstration that the light acts by a 
chemical mechanism. Hess and Weinstock showed that a section of excised 
human skin after irradiation by a mercury arc when fed to rats, protected them 
from a deficient diet, although similar amounts of nonirradiated skin were ineffec- 
tive. It was thus obvious that an antirachitic substance had been formed photo- 
chemically in the irradiated skin. This was later confirmed by Falkenheim,** who 
also showed that the irradiation of but one portion of the skin of rat produces 
antirachitic properties in other portions of the skin, although to a less extent than 
in the directly irradiated area. This observation implied that some of the active 
agent produced in the skin may be absorbed by the blood and distributed to other 
portions of the skin. As late as 1926, however, Bloch and Faber denied the 
existence of the hypothetical antirachitic material, although they admitted that 
ultraviolet light had a curative action on the disease. Hume, Lucas and Smith 
showed that normal calcification could be produced in rachitic rabbits by irradiating 
an area of skin as small as 2,5 by 3.5 cm. for only ten minutes three times a 
week, a proof of tlie extraordinary effectiveness of the unknown material formed 
in the skin. 

It has been stated that cod-liver oil had been known for some time to contain 
a substance exerting a similar curative effect upon rickets and the question natu- 

®Hess, A. F,, and Unger, L. J., /. Diseases of Children, 22, 186 (1921). 

•Hess, A. F., Unger, L. J., and Papnenheimer, A. M., /. Biol. Chem., SO, 77 (1922); /. Bxptl. 
Med,, 36, 437 (1922); Hess, A. F., and Gutman, M. B., /. Am, Med. Assoc., 78, 29 (1923). 

10 Powers, G. F., 'Park. E, A., Shipley, P, G., McCollum, E. V., and Simmonds, N., Froc, Soc. 
Exptl. Biol. Med., 19, 120 (1921). 

^ Schultzer, P„ and Sonne, C., Acta Med, Skand., Suppl., VII, 97 (1924); Eckstein, A., Arck. 
Kinderhetlk., 74, 1 (1924); am. Abs., 18, 3207 (1924). 

i»Hess, A. F., and Unger, h. J., /. Am, Med. Assoc., 78, 1596 (1922).* 

^Hess, A. F„ and Weinstock, M., 7. Am. Med. Assoc., 80, 667 (1922). 
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E. M., Lucas, N. S., and Smith, H. H., Biockem. J,, 21, 362 (1927). 
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rally arose as to whether this might be identical with the material formed during 
the irradiation of skin. For several years it had been recognized, in large part 
because of the work of Mellanby, tliat cod-liver oil contains fat-soluble vitamins 
essential to the normal development of animals. But for a time it was not 
recognized that there are at least two fat-soluble vitamins in coddiver oil The 
investigations by which it was established that one of these, vitamin A, is con- 
cerned primarily with growth and the prevention of xerophthalmia, and that 
another, vitamin D, is concerned with the prevention of rickets, lie for the most 
part beyond the scope of our subject matter. 

As early as 1922, Hume^^ showed that rats on a vitamin A-deficient diet could not 
be protected from the effects of the lack of this vitamin by irradiation if the experiment 
was continued for a sufficient period. It followed that this vitamin is not produced 
in the animal as a result of photochemical processes. This was also the conclusion of 
Goldblatt and Soames“ from independent experiments. Sheets and Funk^^ similarly 
found that on a diet deficient in fat-soluble vitamins (then called incorrectly vitamin A) 
a three- to five-minute daily irradiation by ultraviolet light prevented the appearance 
of rickets and. although the rate of growth of the animals was normal, xerophthalmia 
developed. Powers, Park and Simmonds®*® clearly recognized the existence of two 
separate factors or vitamins in cod-liver oil, the antixerophthalmic A and the anti- 
rachitic D. 

It was next shown by Goldblatt and Soames ^ that so long as the necessary vitamins 
are supplied in the diet light is not essential Other experiments prior to the recognition 
of vitamins A and D as separate entities were by Eckstein ^ 

Steenbock and Nelson found that such antirachitic agents as ultraviolet rays 
or cod-liver oil would restore the growth of rats maintained on a diet deficient in 
the fat-soluble vitamins but would not postpone the onset of xerophthalmia. They 
viewed these results as supporting the view that cod-liver oil contains two vita- 
mins. It was also shown that non-irradiated rats receiving a diet deficient in the 
antirachitic factor showed normal growth when placed in the same cage with 
irradiated rats on the same diet. The same effect was obtained when the rats were 
placed in a jar on a galvanized iron wire screen contaminated slightly by other rats 
having been kept on them and then irradiated. It was necessary that the rats have 
access to the irradiated screen in order that they might ingest traces of excreta or 
skin secretions which had been irradiated. Irradiated air had no beneficial effects.^"* 

Effective Wave-Length Regions 

Once the effects of ultraviolet light in preventing the development of rickets 
had been established, the physical aspects of the proce'^s were studied to learn 
more precisely which wave-lengths are effective. Pappenheimer and Weinstock,^® 
by interposing standard glass filters, found tliat wave-lengths as long as 3340A had 
no protective action, the effective rays being in the neighborhood of 3130A. Hess 
and Weinstock^® thought the wave-length mu.st not be longer than 3130A and 
found the effectiveness of the 3020A line very great. Mouriquand, Bernheim and 

E. M., Lancet, II. 1318 (1922). 

as Goldblatt, H., and Soames, K. M.. Lancet, H, 1321 (1922). 
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Powers, G. F., Park, E A., and Simmonds, N., Proc Soc Bxptl Bwl. Med, 20, 81 (1922). 

» Goldblatt, H., and Soames, K. M., Biochem. J., 17. 294, 622 (1923). 

Eckstein, A., Arch. Kinderheilk , 73, 1 (1923); AUenbach and .Simon, R,, Rev, Hyg. Soc. Stras- 
hurg, 81, 670 (1923); Btdl. Soc. Hyg. Ahment , 11, 124 (1923); Chem Abs., 17, 2306 (1923). 
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and Steenbock, H., Nelson, M. T., and Black, A., md.. 62 , 275 (1924). 
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Theobalt obsa*v€d that rats irradiated five minutes daily by a mercury arc with 
an interposed Wood's ^^lass filter developed rickets, but that those receiving 
90 minutes of irradiation under these conditions did not. Luce found that a 
filter transmitting 5 per cent of the incident light at S050A and cutting off 
pletely at 2960A destroyed the effectiveness of irradiation, but that a screen tram-* 
mitting 80 per cent at 3000A and letting through some rays to 2400A, and one 
transmitting 77 per cent at 3000A and cutting off between 2650 and 2450A, each 
transmitted the effective rays. Hess and Weinstock^ believed that wave-lengths 
shorter than those available in sunlight had even greater potency. They noted 
during the winter months when the shorter wave-lengths do not reach tlie earth, 
and even the longer ones reach it with lowered intensity, that the effective wave- 
lengths available are reduced to a band only about 50A wide, between 3130 and 
3080A. Maughan®^ found the wave-length 2968A four times as effective as 
3020A. 

Huldschinsky once proposed to term rays of wave-length longer than 3200 A, ultra- 
violet A, those between 3200 and 2890 A ultraviolet B (standing for biologically active), 
and those shorter than 2890A, ultraviolet C. This suggestion failed to find general 
favor. 

Bunker and Harris advocated an attitude of caution in regard to the acceptance of 
the view that only a narrow band near 3000A is of importance. 

Amounts of Energy Required 

Recent studies indicate that the most effective wave-length for curing rickets in 
rats is 2804 A.®^ To produce healing equivalent to that due to one inteniational 
unit of vitamin D, the following energies (in thousands of ergs) were required 
at various wave-lengths: 2653A, 287; 2804A, 226; 2894A, 395; 2967A, 280; 
3024A, 553; 3128A, 27,545. Prolonged irradiation, particularly by the shorter 
wave-lengths 2653, 2804 and 2894A has a destructive action. Stein and Lewis 
found that at Denver, direct sunlight in June and July was effective for rats in 
exposures as vsliort as 3,75 minutes daily. Curative effects are produced in either 
chickens or human infants by irradiation by even, in some cases, tungsten filament 
lamps in thin Corex D glass bulbs, according to Maughan and Dye,®* and Gersten- 
berger and Horesh.^® In the case of the children, continuous exposures were given 
for twelve hours to two lamps six feet apart housed in oxidized aluminum reflec- 
tors five and a half feet above the bed level. Hauch and Hanke®'^ found that 
February sunlight at the street level in Chicago failed to protect rats on a rachitic 
diet and exposed behind commercial ultraviolet glasses. Under the same con- 
ditions, how^ever, they were protected fully by March to April sunlight. Control 
rats behind ordinary glass were not protected. 

Pappenheimer, A. M, and Weinstock, M., Proc. Bxptl. Biol, Aft'd,‘20, 14 (1922). 

“Hess, A. F„ and Wcinstock, M., /. Am Med. Assoc.^ 80, 687 (1922). 

Mouriquand, G., Bemhcim, M., and Theobalt, Mile., Compt, rend., 182, 1490 (1936). 

“Luce, E. M., /. BtoL Chem., 71, 187 (1926). 

“Hess, A. F., and Weinstock, M., J. Am. Med. Assoc., 89, 1222 (1927). 
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In New Orleans, Mayerson and Laurm®® found the following to be the 
minimal daily times of irradiation necessary: February and March, 3 to 5 minutes 
for chicks and 5 to 6 minutes for rats* For either,, the times were from April 
through October, 3 to S minutes, and from November through January, 5 to 6 
minutes. The average daily amount of direct solar radiation of wave-length shorter 
than 3130A that will prevent rickets in rats is less than 0.001 calorie per sq. cm. 
from April to October, and between 0.001 and 0.002 calorie during the rest of the 
year. Of course, it is necessary to consider the number of sq. cm. exposed at such 
intensities since there is a minimal dose of vitamin D which must be produced 
in the total irradiated area for the protective action to become effective. For 
the prevention of leg weakness in chicks the amount of energy required was found 
to be about 0.00069 calorie per sq. cm. daily. 

Children need have only a small portion of their bodies irradiated for success- 
ful results. Thus Catel found it necessary to irradiate only the face or any area 
of 90 sq. cm. 

There have been several other studies of the effectiveness of winter sunshine at 
various geographical locations, Tisdall and Brown,*® working at Toronto, found that 
a marked increase in the antirachitic effect of sunshine occurs whenever the sun reaches 
an altitude of 35® or more. Geographically, rickets is uncommon or exists in but a 
mild form in those places where the minimal seasonal altitude of the sun is not below 

angle, and severe rickets is chiefly encountered in those cities where the altitude is 
below that value for some months of the year. At Toronto, the antirachitic effect of the 
skyshtne was about one-half to two-thirds as great as that of sunshine, by which is 
meant bpth the direct rays from the sun and the rays reflected from the sky and clouds. 
Even December skylight had a definite antirachritic effect. Fleming*^ found that at 
Wasllil^itlun, D. C., the winter sunlight is antirachitic for rats after passing through 
Villglass. Under the same conditions, north skylight was also protective during the 
pf April, May, June and July. At Boston, Wyman*® found it possible to cure 
Vidtos in the winter months by exposures to sunlight through quartz windows or Ccrn- 
ing windows, although the results were less favorable with Vitaglass. (See 

dhaiJier 10.) Favorable results were obtained also by means of Cel-O-Glass windows." 
Jendrai^ik and Papp " found that at Budapest the sunlight was ineffective during Decem- 
ber and January. Its activity then rose to a sharp and high peak at mid-June and 
decline again practically at the same rate. 

A painstaking investigation of the energy required is that of Sonne and 
Rekling,^® who employed a monochromator and determined by means of a 
thermopile the energy in gm. calories per sq. cm. incident at each of several wave- 
lengths on an area of the experimental animals of 8.1 sq. cms. In this way it 
was possible to eliminate the relative intensities of the various lines emitted by 
the source. The effect of the 31 30 A line was doubtful, although the incident 
energy amounted to 4.3x0.708x10 ^ gm. cal. per sq. cm. per minute. At 3020 to 
2970A with a somewhat lower intensity (3x0.708x10"^ gm. cal. per sq. cm. per 
minute) there was a strong antirachitic action. This was also the case at 
26S0A, although the intensity was lower, 1.5x0.708x10“'^ gm. cal. It was also 

Mayerson, H. S., and Laurens, H., Am. /. Physiol., 102, 422 (1932). 

» Caleb W., Monatschr. Kinderhcilk., 54, 426 (1932); Chem. Abs„ 27, 2184 (1933). 
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"Wyman, E. T., Drinker, P., and Mackenxie, K. H., Am. Jf. Diseases of Children, 39, 969 (1930), 

"Jendrassik, A., and Papp, S., Biochem. Z., 268* 364 (1934). In these experiments cigosterol 
rather than patients or experimental animals was irradiated. 

"Sonne, C., and Rekling, E., StrahlentherapieJ2&t 5S2 (1927); cited by Laurens, H.. *"The Physio- 
logical Effects of Radiant Energy," New York, The Chemical Catalog Co., Inc. (Rcinhold Publishing 
Corp.), 1933. 
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strong: at 2530A where the intensity was slightly greater, L6 x 0.708xl0'^ gin. caL 
On the other hand, at 3480 and at 2390A where the energies were rcsi>ectiTrely 
07 and 0.55 x0.708x10'*^ gm. cal per sq. cm, per mitmte, there was but slight > ^ 
action. No protection was afforded by the wave-lengths 2270 to 2200 A, with , t ' 
0,4x0.708X10*^ gm. cal per sq. cm. per minute. ^ 

The opinions of workers who have studied the influence of the pigment of 
the skin on the curative effects of sunlight differ somewhat. Schnltzer and 
Sonne and Hess, and Unger and Pappenheimer believe that pigmentation in 
rats somewhat lessens the effects of irradiation. In children, however, Kramer, 
Casparis and Howland, as well as Levinsohn,^® conclude that the skin pigment 
of the Negro child does not interfere with the action of ultraviolet rays. 

Gerstenberger and Hartman found that quartz lamp exposures weekly with 
doses of one erythema unit for negro infants, and less for white infants, applied 
to both front and back, caused healing in practically the same time as did 
heavier doses. Gerstenberger and Russell obtained similar results with the 
General Electric Sunlamp S-1. Using a quartr lamp at 80 cm., Vollmer found 
a weekly dose of from four to five minutes each to the chest and back to be the 
minimal effective dose. Cures were effected after the application of about 
100 minutes of treatment. 

Effects on Mineral Metabolism. 

Ultraviolet irradiation cannot overcome mineral deficiencies of the diet. Its 
function is to supply the vitamin D necessary to control the proper utiliza- 
tion of the calcium and phosphorus in the diet. Theiler^*^ emphasized the fact 
that when the phosphorus of the diet of cattle is deficient rickets will develop 
in the presence of abundant solar radiations. Many papers have been devoted to 
the effects of irradiation upon the blood phosphorus and calcium levels during 
the cure of rickets. In contrast to the negative results discussed in the pre- 
ceding chapter in regard to the influence of irradiation upon these values in 
the normal individual, there is general agreement that if the mineral contents 
of the diet are suitable, the low values which characterize rickets are readily 
restored to normal by irradiation or by the administration of vitamin D. 

Kramer, Casparis and Howland found values for the inorganic phosphorus 
in the serum of the blood of rachitic infants to vary from 2.7 to 3.2 mgm. per 
cent. Under quartz lamp treatment, this increased gradually to a maximum of 
6 mgm. per cent, the normal value. Hess and Lundagen observed a seasonal 
variation in the level of the inorganic phosphates of the blood corresponding to 
'and determined by the seasonal variations in the ultraviolet energy of the 
available solar spectrum. 

By 1923, it was reported that the mean serum caldum content of normal 
infants from two months to ten years of age varies between |0 and 12 mgm. 
per 100 cc. In twenty rachitic infants, it ranged from 7.9 to 10.4 mgm. with an 
average of about 9.2. Two children of three and eight years with irreducible 

Kr&men B., Casparis, H., and Howland, J., Am. J. Diseases of Children, 24, 20 (1927) ; 
Levinsohn, S. A., Ibid., 34, 9SS (1927). 

Gerstenberger H. J., and Hartman, J. 1., J. Am. Med Assoc., 92, 367 (1929). 

Gerstenberger, H, T., and Russell, G. R., /. Am. Med. Assoc., 94, 1049 (1930); Vollmer, H., 
Klin., Wochschr, 9, 2300 (1930). 

"Theilcr, A., Veterinary 90, 159 (1934); Ckem. Ahs., 28, 5503 (1934). 

Kramer, B., Casparis, H., and Howland, J., Am. /. Diseases of Children, 24, 20 (1922). 

Hess, A. F., and Lundagen, M. A,, J. Am. Med. Assoc., 79, 2210 (1922). 

®*Lcsnd, E., deOennes, L., and GuiUaiimijm rend., 177, 291 (1923); Chem. Ahs., 17, 3540 

(1923); se« also Kramer, B., and Boone, F. H., Proc, Soc* Biol. Exptl. Med., 20, 87 '(1922). 
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rachitic defonnaticms had normal or slightly greater amotmts of calcium, 11 A and 
11.4 mg. respectively. The calcium content of the serum is not modified by the 
injection of calcium chloride, but is altered by ultraviolet rays. After eight 
daily irradiations of thirty minutes each at 1.2 meters from a 1200 c.p. carbon 
arc given ten infants the serum calcium was decidedly increased in seven and 
after 24 irradiations it was well up to the normal value in eight of the children* 
The two infants which failed to show an increase in the calcium had dark skins. 
Orr, Holt, Wilkins and Boone®® also showed that infants with active rickets 
are unable to retain calcium and phosphorus even though these elements are 
present in adequate amounts in the diet and that ultraviolet rays cause these 
elements to be retained. They observed that after irradiation increased amounts 
of these elements are found in the urine, indicative of an increased absorption 
of these essential minerals from the intestine. They argued that defective 
intestinal absorption in rickets is the cause of the low serum calcium and 
phosphorus, and is the ultimate cause of the defective calcification of the 
bones. That calcification at the junction of the bones and cartilage could be 
promoted by irradiation also was demonstrated radiographically by Vignard, 
Mouriquand, Chassard and Bernheim.®^ 

Clark reported that the diffusible calcium of the serum, measured by 
dialysis in collodion sacks against physiological salt solution, may be increased 
by subjecting it to quartz mercury arc irradiations. The diffusible calcium in rab- 
bit serum rose from 38 to 58% and in dog serum from 44 to 53%. 

Hart, Steenbock and Elvehjem®® induced experimentally negative calcium 
balance^ in mature lactating goats. Daily mercury arc irradiation changed these 
to ffO^ltive and also appreciably increased the blood phosphorus. This was con- 
by Orr, Henderson and Magee, who believed the results might be 
itccounted for by a decreased elimination of calcium in the feces, the urinary 
excretion remaining practically constant. These results favored the view that 
irradiation induces an increased absorption of calcium from the intestines. 


Schultzer*® defines the Ca retention coefficient as the number of mg. retained per 
increase in body weight of rats during growth. The coefficient was 4.7 to 5.2 in 
young rats on a rachitic diet and with evident rickets. After irradiation, it was raised 
to 10. For phosphorus the values were 8.1 to 9.5 before and 15.7 after die cure of the 
rickets. Similar results also could be brought about by giving the rats cod-liver oil 
or, if the diet was deficient in phosphorus, by giving phosphates. A number of rachitic 
rats showed an average of 11.9 mgm. of calcium and 5.6 mgm. of phosphorus per 100 cc. 
of serum,"® 

In four ultraviolet-treated rats the serum calcium rose to 15.2 and the phosphorus 
to 8.6 mgm. per 100 cc. Nomal rats on an ordinary diet failed to show this rise 
during irradiation. Burton found in boys who had received some ultraviolet irradiation 
while on a diet high in calcium and phosphorus a high retention of these elements. 

After daily exposures of gravid rats to sunlight, the lime of the fetuses increased 21.2 


Orr, W. J., Holt, L. E,, Jr., Wilkins, L., and Boone, F. H., Am. J. Diseases of Children, 26, 
362 (1923). 

®*Vignard, Mouriquand. Chassard, and Bemheim, Lyon Medicate, 1^, 1021 (1923); Chem. Abs., 18, 
2382 (1924); Lesn^, E., de Gennes, jL., and Guillaumin, C.. Compi. rend., 177, 291 (1923); Chem. Abs., 
17, 3540 (1923); Howland, J., and Kramer, B., Am, J. Diseases Children, 22, 105 (1921); Chem. Abs., 
17, 413 (1923). 

WQark, J., Am. 7. Hyg , 3, 481 (1923); Chem. A<bs., 18, 2366 (1924). 

“Hart, E. B.. H. Steenbock and C. A. Elvehjem. 7. Biol. Chem., 62, 117 (1924). 

“Orr, J. B., Henderson, J. M., and Magee, H. E., Biochem. 7., 19, 569 (1925), 

“Schultarer, P.. Compt. rend. soc. bid., 93, 1005 (1925); Chem. Abs., 20, 1655 (1926); Biochem. Z„ 
188., 409, 427 (1927); Mitchell, H. F., and Johnson, F.. Am. 7. Physiol, 72, 143 (1925); Koch, E. M., 
and Cahan, M. H., Am. 7. Diseases of Children, 34, 187 (1927). 

“Schultacr, P., Cmpt. rend. soc. biol, 93, 1008 (1925); Chem. Abs., 20, 1655 (1926). 

“Burton. H. B., 7. Biol. Chem,, 85, 405 (1930). 
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per cent and the phosphate 192 per cent over that of the fetuses of non-irradiated rat& 
The phosphatase content, however, was not affected, according: to Foa.*^ 

Snbse<iuent studies of die calcium and phosphorus in the blood serum in rideets have 
indicated that the disease may appear with either low^ phosphorus or low calcium 
or with both low in the scrum4 But if one is low and the otlier high there may be no 
rickets.®* Kramer, Shear and Siegel®* found the product of the calcium and phos- 
phorus concentrations to be always thirty or less during rickets or during the cessation 
of calcification. When the product rises above forty, calcification may ensue no matter 
whether the healing is induced by cod-liver oil, phosphates, or artificially prepared vitamin 
D, There are, however, many recorded exceptions to this rule. Dietary ratios of calcium 
and phosphorus are important.®* Many other papers deal with this topic, but are beyond 
the scope of this discussion. 

At one time it was believed that an alteration of the pH of the substances in the 
intestinal tract was, in part at least, responsible for the failure of the proper absorption 
of calcium from the in rickets, jepheott and Bacharach®® stated that the alkalinity 
of the feces of aninims on racliitic diets could be brought to the acid side of neutrality 
by irradiations or by administering cod-liver oil. It was assumed that determinations of 
the change in pH induced by various preparations containing vitamin I) might be made 
t!ie basis of an assay method for this vitamin. Wokes and Willimott®® found that the 
method could not be applied to infants although they believed it gave satisfactory results 
in rats. Subsequent investigations, however, have shown the method unreliable. 

The irradiation of nursing mothers whose breast milk had been failing was 
of general benefit in all of 53 cases in which the treatment was continued for 
some time, and was of aid in improving or retaining the milk supply in all 
but eleven of the cases.®'^ Hess, Weinstock and Sherman®® found that exposing 
a woman to the rays of a mercury-vapor quartz lamp every other day for a 
month produced antirachitic properties in her milk when fed to rats. During 
the control period the milk had no curative action. In similar experiments, 
Hirsch-Kaufifmann and Wiener®® found the quantity of the milk of irradhited 
mothers to be increased, although its chemical composition was unaltered except 
for a definite increase in vitamins C and D. 

In children with various orthopedic disorders, exposure to all the sunshine 
available from May to August was not found to produce any symptoms char- 
acteristic of an overdose of vitamin 

Applications in Animal Husbandry 

During the early development of irradiation therapy, attention was also devoted 
to the effects of ultraviolet light on farm animals. Hart, Steenbock and Jones 
concluded that sunlight is a factor of economic importance in the production 
of pork in northern latitudes, and Maynard, Goldberg and Miller in New York 

0> Foa, P., BoU, soc, ital. biol sper., 11, 845 (1936); Chem. Abs„ 31, 2622 (1937). 

See Hess, A. F., “Rickets, Osteomalacia and Tetany, “ Philadelphia, Lea and Febmfyer, 1929. 
Note also Orr, W. J,, Holt, L. E., Jr., Wilkins, L., and Boone, F. H., Am. J. Diseases of Children, 26, 
362 (1923); Hess, A. F., Weinstock, Rivkin, H., and C»ross, J., J. Biol, them., w, 37 (1930); 

Fless, A, F,, Lewis, J. M., and Rivkin, II., /. Am. Med. Assoc., 94, 1885 (1930) ■ 

es Kramer, B.. Shear, M. J., and Siegel, J., /. Biol. Chem., 91, 271, 723 (1931). 

See also Shohl, A. T., and BcnnetL H. B., 7. Biel. Chem., 7^ 633 (1928); Reed, C. I., Struck, 

H. C., and Steck, I. E., “Vitamin D“ Chicago, Univ. of (Chicago Press, 1939. 

•BJepheott, H.. and Bacharach, A. L.. Biochem. I., 20, 1351 (1926). 
w Wokes, F., and Willimott, S. G., Pharm. J., 118, 752, 793 (1927). 
w Chisholm, C, and McKillop, M., Lancet, II, 227 (1927); Chem. Abs., 22, 2384 (1928). 

“^Hess, A. F., Weinstock, M., and .Sherman, K., Pror. Soc. Exptl. Biot. Med., 23, 636 (1926). 

Hirsch'Kauffmami, H, and Wiener, C., Kim. Wochschr., 8, 984 (1929J; Chem. Abs., 23, 4970 
(1929). 

Dodds, E. C., Robertson, J, D., and Roche, H. J., Arch. Diseases of Childhood, 9, 91 (1934); 
Chem. Abs., 28, 4459 (1934). 

'^Hart, E. B., Steenbock, H., and Jones, J. H., 7. Biol. Chem., 61, 775 (1924). 

Maynard, L. A„ (joldberg, S. A., and Miller, R. C., Biol. Chem., 65, 643 (1925) 
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found that sunlight improves the assimilation of calcium from a deficient diet and 
prevents the development of leg weakness in pigs. In a general discussion, 
Price stated that besides an adequate amount of calcium and phosphorus in the 
diet of pigs it is essential for their health and growth that there also must 
be present either the antirachitic vitamin or exposure to sunlight. Hender- 
son foimd that the calcium and phosphorus retention of pigs receiving a poorly 
balanced diet, with p20e:Ca:Mg as 3:1:1, was definitely increased by an 
irradiation of one hour per day for 24 days. No corresponding increase in 
body weight occurred, however. 

It was believed by Bohstedt, Insko and Fargo that for the health of the 
suckling pig dependence must be placed upon the antirachitic properties of the 
feed of the sow rather than upon the use of ultraviolet light, helpful as this 
may be. According to Isaachsen,'^® irradiation of sows in the last six weeks of 
gestation and of sows with litters did not improve the growth or condition of 
the pigs. He believed that pigs are more likely to suffer from disordered mineral 
metabolism as a result of a deficiency of minerals in the food or from an 
incorrect calcium-to-phosphorus ratio than from a lack of fat-soluble vitamins. 
Sinclair found exposure to either sunlight or artificial sources, as well as 
cod-liver oil feeding, to promote growth in the pig, the response being inversely 
proportional to the calcium content of the basal ration. The addition of calcium 
to the ration aided greatly in the prevention of leg stiffness, a condition 
resembling rickets. Irradiation increased the level of the blood calcium. 

Calves also require vitamin D. Calves fed on rations deficient in it show 
declining growth rates at the twelfth to the fifteenth week; and after the twenty- 
fifth week little growth occurs.'’^® A decline in the level of inorganic phosphorus 
ip, Qie blood serum precedes the onset of stiffness. The percentage of total ash 
Jh the dry, fat-free bones is reduced from the normal of 60 to 63 per cent 
to 45 to over 50 per cent in the rachitic bones. The breaking strength of the 
bones also is lowered. Ultraviolet irradiation, sunlight or the feeding of liberal 
amounts of sun-cured hay protects the calves from the vitamin D deficiency. 

Bechdel, Landsburg and Hill also noted the abnormal bone development, 
swollen joints, and slight paralysis of the rear quarters and bowed back of 
vitamin D-defjcient calves. Although cod-liver oil promoted growth and thrifti- 
ness slightly better than did ultraviolet light treatment, the latter produced 
a slightly superior grade of bone. Direct sunlight is not required if the ration 
contains sufficient vitamin D.®^ 

The vitamin D requirement of dogs has been studied by Morgan.®^ Symptoms 

of rickets have been developed in a newly weaned cat fed 24 days on the Steen- 

bock diet deficient in calcium and vitamin D.®^ 

w Price, W. A., Ind. Eng. Chem., 18, 679 (1926). 

Hendetsoo, J. M., Btockem. J., 19, 52 (1925); Scottish /. Agr., 9, 33 (1926); Chem. Abs., 20, 
2523 (1926). See al.so Orr, J. B., Henderson, J, M., aud Crichton, J. A., Trans. Highland Agr. Soc, 
Scotland, 38, 88 (1926). 

Bohstedt, G., Insko, W. M., Jr., and Fargo, J. M., Proc. Am. Soc. Animal Production, 89 (1929), 
Ch 0 m. Abs., 25, 3695 (1931); sec also Thalman, K. K., and Loeffel, W. J., Proc. Am. Soc, Animal 
Production, 83 (1938); Chem. Abs., 25, 3695 (1931). 

wisaachsen, H., J. Agr. Sci., 22, 460 (1932); Chem. Abs., 27, 1916 (1933). 

’T Sinclair, R. D., Set. Agr., 13, 489 (1933); Chem. Abs., 27, 5 787 (1933); Horn, V., Biedermann's 

Zentralbl. B, Tierernahr., 6, 203, 208 (1934); them. Abu, 28, 5855 (1934). 

'^’sRupel, I. W., Bohstedt, G., and Hart, E. B., Wisconsin Agr. Exp. Sta. Research Bull, 115, 40 pp. 
(1933); Chem. Abs., 28, 507 (1934). 

’•Bfchdd, S, I., (.andsburg, K. G,, and Hill, O. J., Pennsylvania Agr. Erp. Sta. Tech. Bull., 291, 
2 (1933); Chem. Abs, 28, 3028 (1934). 

Olson, T. M., 5, Dakota Agr. Exp. Sta., Bull. 319, 2 (1938); Chem Abs., 32, 7970 (1938). 

Morgan, A. F., North American Veterinarian, 15, No. 8, 24 (1934); Chem. Abs., 29, 201 (19351. 

^ »* Moody, C. A.. /. Home Ec&n., 28, 696 (1936); Chem. Abs., 31, 436 (1937). 
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lfTluImtt0ii and P^tiltry Culture* Becau^ of the modem intensive methods 
of poultry culture^ vitamin D deficiencies are quite common. Their remedy 
is a matter of considerable economic importance. Murray, Little and Bovie*® 
found chicks exposed for only a few minutes each day to the rays of the mercury 
arc showed a more rapid formation of bone than did chicks exposed for many 
hours daily to direct sunlight 

Hughes, Titus and Moore found that chicks fed on eggs from hens which 
were receiving direct sunlight developed normally, as shown by their general 
appearance and by the analysis of their blood and bones. Those fed on eggs 
from hens which received sunlight filtered through glass and supplemented by 
thirty minutes per day from a mercury arc developed some rickets. They were, 
however, in a better condition than those receiving eggs from hens which 
received no ultraviolet light other than that which came through a glass 
window. They believed thirty minutes of ultraviolet irradiation daily insufficient 
to enable hens to store sufficient antirachitic vitamin in their eggs to prevent 
entirely the development of rickets in chickens fed rations containing these 
eggs. Eggs of low antirachitic vitamin content do not have as high a hatch- 
ability as those with high vitamin content.®® 

Goodale®® demonstrated that the amount of exposure to sunlight or ultra- 
violet light necessary for normal growth is but very small in the chick. Irradia- 
tions of one and ten minutes twice weekly at three feet from a mercury-vapor 
arc gave normal growth.®^ 

DeVancy, Munsell and Titus®® found that daily fifteen-minute irradiations 
with a carbon arc had approximately the same effect on vitamin D storage by hens 
as the addition of 1 per cent of cod-liver oil to the diet. 

Hou found rachitic chicks with intact preen glands to be cured when either the 
body, feet or head was irradiated. The degree of healing was greatest with the irra- 
diation of the feet and least with the head. Rachitic chicks with the preen glands 
removed were not cured when the head was irradiated, but irradiation of the feet 
produced good healing. The substance which is activated when the feet are irradi- 
ated is apparently neither the preen gland material nor the circulating blood. Rus- 
sell and Howard delayed the onset of leg weakness in young chicks for about a 
week by an exposure to one day of winter sunlight through an ultraviolet transmit- 
ting material. There was also an indication of an effect on bone formation. A three- 
day exposure delayed the appearance of leg weakness about two and a half to 
three weeks and had a more enduring effect on bone formation. 

Either cod-liver oil or ultraviolet irradiation of laying hens kept without 
access to direct sunlight or green feed increasec} the egg production, the thick- 

*« Murray, J. M., Little, C. C., and Bovic, W. T., Maine Agr. Exp. Sta. Bull 320, 141 (1924); 
Chem, Abs., 19, 3105 (1925). , 

»*Huffhe«, J. S., Titus, R. W., and Moore, T, M., Science. 62, 492 (1925); Chem. Abs., 20, 936 
(1926); Huirhes, J. S., Payne, L. F., Titus, R. W., and Moore, J. M., /. B%ol Chem.. 66, 595 (1925). 

** For the atnounts of the vitamin required for the production of hatchable eggs, see Bethke, R. M., 
and Kennard, D. C., Proc, Fourth iVorld'e Poultry Congress. 342 (1930); Chem. Abs.. 25, 4027 (1931). 
It has been (suggested that sunlight may increase the hatchabiHty of eggs by some mechanism other than 
vitamin D. Bycrly, T. C,, Titus, H. W., Shs, N, R., and Nestler, R. B., Poultry Set., 16, 322 (1937); 
Chem. Abs., 31, 8625 (1937). 

««Goodale, H. D., Am. J. Physiol., 79, 44 (1926). 

^ a. also Price, W. A., Science. 63, 1636 (1926); Russell, W, C., Massengale, 0. N., and Howard, 
C. H.. /, Biol. Chem., 80, ISS (1928); Maughan, G. H., and Dye, J. A., J. Opt. Soc. Am., 20, 279 
(1930); Proc. Soc. Bxptl. Btol. Med., 28, 106 (1930). 

«»De Vaney, G. M., Munsell, H. E., and Titus, H. W., Poultry Set., 12, 215 (1933) ; Chem. Abs., 27, 
5380 (1933). 

»>Hou, Chinese /. PhysioL, 5, 11 (1931); Chem. Abs., 25, 3037 (1931); see also Murphy, 

E. F., /. Agr. Research, 53, 67 0936); Chem. Abs., 30, 8319 (1936). 

••Russell. W. C., and Howard, C. H., /. Biol. Chem., 91, 493 (1931). 
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ness of the tgg shells and the general condition of the birds, according to 
Hendricks, Lee and Godfrey.®^ Each of these methods of supplementing the 
vitamin D also tended to increase the egg weight and the hatchabiUty of the 
Cod-liver oil was superior to fifteen minutes of daily irradiation under 
the conditions employed. Dove®^ believed the chick superior to the rat for 
vitamin D research because it is more sensitive than the latter to a deficiency 
of that vitamin. Payne and Hughes®^ found direct sunshine somewhat more 
effective than ultraviolet irradiations from artificial sources in increasing the 
calcium content of the hen blood, of eggs and of newly hatched chicks. Maughan 
and Maughan noted that ultraviolet irradiation of hens increases the vitamin 
D content of the egg yolk.®^ 

Further studies on the vitamin D requirement of the chick have played 
an important part in the development of our knowledge of the chemistry of 
vitamin D and will be considered in the following chapter after the chemical 
changes underlying the formation of this substance have been discussed. 

The Irradiation of Foodstuffs 

During the years 1924 and 1925 it was discovered that, on analogy with the 
formation of antirachitic substances in the skin of irradiated animals, antirachitic 
potency is imparted to foodstuffs when these are submitted to the action of 
ultraviolet rays. Hume and Smith were very near this important discovery 
when they reported that rats fed on a diet deficient in fat-soluble vitamins and 
kept in glass jars which had been exposed to quartz lamps for ten minutes every 
second day showed a prolongation of growth at a normal rate longer than that of 
controls kept in jars not so irradiated. Their work was conducted to determine 
whether the irradiation of the air played a part in the mechanism of the 
antirachitic resistance of irradiated animals. They showed definitely that 
ozone was not the effective agent, but overlooked the real cause of the 
beneficial effect they observed. Webster and Hill ®'^ showed that irradiated 
air could not have produced the beneficial results, and Hume and Smith later 
reported®® that their results could be obtained only when the glass jars which 
were irradiated contained sawdust. When this was replaced by a piece of pine 
board, partial growth only resulted.®® They had, however, missed their 
opportunity, for in the meantime Hess and Weinstock, as well as Steenbock 
and Black, had independently shown that certain foodstuffs can be rendered 
antirachitkally active by irradiation. 

On June 7, 1924, Pless reported the results of experiments conducted with 
Weinstock to the American Pediatrics wSociety^®® which indicated that vegetable 

•“^Hendrick*, W. A., Lee, A. R., Godfrey, A. B., /. Agr. Research, 43, 517 (1931); Chem. Ahs., 26, 
1324 (1932). 

“Dove, W. F., Maine Agr. Exp. Sta. Bull , 360, 172 (19.31); Chem Ahs, 27, 1918 (1933). 

Payne, L, F., and Hughes, J. S, Kansas Agr. Sta. Tech. Bull., 34, 5 (1933); Chem. Ahs., 27, 
4277 (1933). 

Maughan, G. H., and Maughan, E., Brit. J. Vhys. Med., 7, 137 (1932); Chem. Abs., 27, 5377 
(1933), 

For calcium and pho.sphorus determinations in chicken blood, >scc Elvebjem, C. A. and Kline, 
B. E., /. Biol. Chem., 103, 733 (1933), and Higgins, G. M., Sheard, C., and Wilder, R. M., Anat. 
Record, 58, 205 (1934). 

«» Hume, E. M , and Smith, H. H., Biochem. J , 17, .364 (1923). 

w Webster. T. A., and Hill, L., Proc. Physiol. Soc.. J. Physiol, 57, LXXVIII (1923); Chem. Ahs., 18. 
278 (1924). 

“Hume, E. M., and Smith, H. H., Biochem. J., 18, 1334 (1924). 

was later shown by Rosenheim, O., and Webster, T. A., Biochem, J., 20, 1340 (1926) that a 
chloroform extract of inadiated sawdust has antirachitic activity. 

^®®Hes8, A, F., and Weinstock, M., Abstracted w Am, /. Diseases of Children, 28, 256 (1924); 28, 
517 ( 1924 ), Also reported at a meeting of the New York Section, American Chemical Society, Jan. 
9, 1925- 
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oils cm be endowed with antirachitic properties on irradiation. Like Smith 
and Hume, they had started by attempting to activate air by ultraviolet light 
but obtained completely negative results. Their fipt favorable results were 
obtained when they irradiated cottonseed oil.^^^ 

Steenbock and Black ^ paper received for publication April 18, 1924, 

described an experiment in which a ration of hog millet 84, purified casein, 
12, and salt, was irradiated for ten minutes at a distance of 23 inches from a 
Cooper-Hewitt quartz mercury-vapor lamp with a three-fourths inch arc 
operated at 120 volts. When fed, this ration produced a pronounced stimula- 
tion of the growth of rats. They also succeeded in imparting growtli-promoting 
and bone-calcifyixig properties to olive oil and lard by this method. Tfie activa- 
tion took place when the ration was irradiated in an open dish or in a stoppered 
Pyrex or quartz flask filled with air or carbon dioxide, but it did not occur 
when the ration was irradiated in a brown glass bottle. The ash content 
of the bones of the rats receiving the irradiated ration was increased in per- 
centage over that of rats receiving the same ration before irradiation. It was 
found also that the irradiation of fats, otherwise inactive in curing rickets, 
caused them to become active. Rations which ordinarily produced a wide 
rachitic metaphysis in the shaft bones of rats became antirachitic and promptly 
effected a rapid and complete healing of the lesion. Hess, in his complete 
paper, showed that although cottonseed and linseed oils could be activated by 
irradiation, this was not possible in the case of mineral oil, and also that ozonized 
water and hydrogen peroxide afforded no protection to rats on a deficient 
diet. Steenbock and Daniels successfully produced antirachitic properties 

in a wide variety of foods, which included wheat, rolled oats, corn, hominy, 
meats, milk, egg-yolk and the vegetable oils. They suggested that it is the 
sterols in the foods which are altered during the irradiation process. Spinach 
was rendered antirachitic by Chick and Roscoe and cabbage by Mellanby 
and Killick.i^® That the irradiation of cod-liver oil did not increase its* anti- 
rachitic potency was demonstrated by Daniels and Brooks and by Wynmn, 
Holmes, Smith, Stockbarger and Pigott^®'^ 

Hume, Smith and Smedley-Maclean succeeded in inducing antirachitic 
activity in yeast fat by irradiation and Daniels and Pyle and Brooks 
showed that the use of milk irradiated a half hour at a distance of two feet from 
a mercuiy arc rendered it capable of bringing about prompt improvement in 
young rats. Gates and Grant found that in normal rabbits the feeding 
of cod-liver oil or irradiated products did not produce changes in the relative 

^0’ Hess, A. F., and Wemstock, M., /. Biol. Chem., €2, 301 (1924). GoMhlatt, H., and Soames, 
K. M., Biochem. 17, 446 (1923), had found that the livers of irradiated animals restored the 
growth of animals which had been inhibited by feeding certain diets. 

^Steenbock, H., and Black, A,, J. Biol. Chem., 61, 408 (1924); see also Science, 60, 224 (1924); 
L BxoL Chem., 62, 209 (1924). 

Steenbock, H., and Daniels, A. L., J. Am, Med Assoc., 84, 1093 (1925). 

Chick, H., and Roscoc, M. H., Biochem. J., 20, 137 (1926). 

Mellanby, M., and Killick, E. M., Proc. Physwl, Sor., 61, xxiii (l‘?26); Chem Abs., 20, 3488 
(1926). See also Drummond, J, C., Rosenheim, O., and Coward, K. H., J. Soc. Chem, Ind., 44, 13 ST 
(1925). For a clinical investigation of the curative value of irradiated food, see Mackay, H. M, M., and 
Shaw, H. F., Lancet, I, 82 (1926). 

^'^M)aniels, A, L., and Brooks, L. M., Proc. Soc. Exptl. Biol. Med., 24, 971 (1927). 

107 Wyman, E. T., Holmes, A. D., Smith. L. W., Stockbarger, D. C , and Pigott, M. G,, Boston 
Med, & Surg. J., 195, 525 (1926); Am. J. Diseases Children. 34, 753 (1927), See also Haffner, F., 
and Pulewka, P., KHn. Wochschr., 5, 2113 (1926). 

iwHume, E. M., Smith, H. H., and Smedley-Maclean, I., Biochem. J., 22, 27 (1928). 

Daniels, A. L., Pyle, S. I., and Brooks, L. M,, Proc. Soc. Exptl. Biol. Med., 23, 821 (1926); 
Chem. Abs., 21, 1831 (1927). 

110 Gates, F. L., and GJrant, J. H. B., Proc. Soc. BxpU. Biol. Med., 24, 59 (1926). 
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weights (d endocrine organs such as the external parathyroid and the hypophysis, 
although these organs are hypertrophied in rabbits after repeated exposure 
to the quartz mercury arc It was shown by Goldblatt and Moritz that 

irradiation does not increase the quantity of vitamin A in fats but forms only 
the antirachitic D. 

Among the earlier suggestions regarding the mechanism hr which irradiation may 
function was one which has been repeatedly discussed, but is no longer considered signih-- 
cant. Kugeknass and McQuarrie suggested that irradiation so alters the substances of 
foods as to make them capable during subsequent slow oxidation of emitting ultraviolet 
rays which affect a photographic plate.^ As they themselves subsequently pointed out, 
nuiny substances exhibit the property of affecting a photographic plate, the Russell effect ; 
it bears little or no relation to the production of antirachitic activity and it is unnecessary 
to consider here the large number of papers by other workers who sought to explain the 
effect of irradiation upon foodstuffs in terms of this phenomenon. 

For some time it was believed that the origin of the vitamin in the livers of 
fish could be attributed to their ingestion of other smaller fish which had 
in turn ingested diatoms in which the vitamin had been produced photochemically. 
There is, however, considerable evidence against this. Leigh-Glare was unable 
to defect the vitamin in the marine diatom Nitsschm closterium, and others 
were tmable to demonstrate it in phyto- and zoo-plankton from the occan.^^^ 
Bills found the capelin, the chief food of the Newfoundland cod, a poor 
source. The enormous differences in the potencies of the liver oils from various 
species of fish suggest species differences in the ability to synthesize the vitamin 
and not merely in its storage. Attempts to produce more vitamin D in fish livers 
by irradiation of the fish have been unsuccessful. 

Sunflower oil can be activated by irradiation by sunlight or artificial ultraviolet 
The same is true of peanut oil.^’ The irradiated mycelium of Aspergillus 
<lryzae, added to the diet of chicks to the extent of 0.05 per cent, makes them superior 
In! health, appetite and growth to the controls.”* Sun-dried alfalfa contains small 
amounts of vitamin D.”® Clover hay made with exposure to sunlight showed con- 
siderable calcifying power, but clover hay made in the dark was inactive. If exces- 
sively weathered, it is reduced in activity as compared with hay less exposed to dew and 
rain, but it may be improved by subsequent mercury-arc irradiation.^ 

The potency of sun-cured hays is, however, too feeble to prevent the development 
of rickets in growing chicks fed ether extracts of the hays equivalent to a high con- 
centration of the hay in the ration.”*^ From 7 to 10 gms. of dry corn silage per kg. 
of feed cures and prevents rickets in yearling calves and supplies sufficient vitamin D 
for normal growth and reproduction in dairy cows.^“ 

Voltz and Kirsch believed that grass germinated in darkness contains some of the 
antirachitic vitamin.’** 


Goldblatt, H., and Moritz, A A., /. Biol. Chem 71, 127 (1926), 
na Kugrelmass, X, N., and McQuarric, I„ Science, 60, 272 (1924); 62, 87 (1923); Drummond, J. C., 
and Coward, K. H., /. Soc. Chem. Ind., 44 , 2S5 (1925). 

Leigh-lTlare, J. L., Biochem. J., 21, 368 (1927); Drummond, J C., and Gunther, E. R., Nature, 
126, 398 (1930). 


Belloc, Gm Fabre, R., and Simonnet, H., Compt. rend., 191, 160 (1930). 

Bills, C. E., / Biol. Chem.. 72, 751 (1927). 

ne MarkarVan, E. A., Proc. Set. Inst. Vitamin Research, US.S R , 1, 207 (1936); Chem. Abs., 31, 
1854 (1937). 

Rondoni, P., Sperimentale, 80, 443 (1926); Chem. Abs., 21, 761 (1927), 

^^Yokoyama, K., and Takata, R., J. Agr. Chem. Soc. Japan, 12, 909 (1936); Chem, Abs., 31, 
1468 (1937). 

Sdieunert, A., and Schieblich, M., Biedermann's Zentr. B. Tierern&hrung, 6, 112 (1934); Chem. 
Abs., 28, 5102 (1934). 

lao Stecnbock, H„ Hart, E B., Elvehjem, C. A., and Kletzien, S., /. Biol. Chem., 66, 425 (1925). 

See also Beebdel, S. 1., Landsburg, K. G , and Hill, O J., Pa. Agr. Exp. Sta. Tech. Bull 291, 2 
(1933); Chem. Abs., 28, 2038 (1934). 

Bechtel, H, E., Huffman, C. F., Duncan, C. W., and Hoppert, C. A., /. Dairy Sci., 19, 359 
(1936); Chem. Abs., 30, 5617 <1936^ 
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Chapter 39 

The Photochemistry of the Formation of Vitamin D 

Early Observations Regarding the Precursor 

Following the discovery of the ability of irradiation to render foodstuffs 
antirachitically active, there began an active search to determine which com- 
ponents of these materials are effectively altered during the irradiation. Such 
components as chlorophyll, hemoglobin, glycerol, starch, alkaloids and the phos- 
phatides of egg-yolk were soon eliminated.^ It was soon demonstrated that the 
vitamin is a component of only the unsaponifiable fraction of irradiated oils 
and that the chief components of the unsaponifiable portions of the oils, the 
sterols, have the property of being activated by irradiation.^ This was shown 
in the case of the phytosterol prepared from cottonseed oil and of cholesterol 
isolated from brain tissue. Since it was known that the skin of animals 
contains much cholesterol, Hess suggested that when the animal is irradiated it 
is the cholesterol of the skin which is changed, or as it was then said, 
activated 

Steenbock and Black^ were able to impart antirachitic activity to purifiedi 
cholesterol by irradiation with either a mercury arc, a carbon arc or direct 
sunlight. They observed the significant fact that irradiation for prolonged 
periods destroyed the activity of natural cod-liver oil and also the activity 
artificially produced by shorter irradiations of vegetable oils, although in 
darkness the activity was maintained as long as ten months. They believed 
that old oils which had become acid could no longer be activated, although this 
was not held due to the acidity as such, since the addition of oleic acid to the 
oil did not interfere with the process of activation. 

That the antirachitic properties of irradiated cholesterol, like those of cod- 
liver oil, can be destroyed by heating with butyronitrile was believed by Bills 
to support, although not to prove, the identity of the irradiation product of 
cholesterol with the vitamin of cod-liver oil. That the rays which render 

cholesterol active are those which cure the animal in irradiation therapy was 
shown by Hess and Wein stock.® They also showed that the dihydroderivatives 
of cholesterol or of the phytosterol of wheat could not be made to acquire 
antirachitic activity by irradiation. This indicated unsaturation to be a neces- 
sary, but not a sufficient condition, determining the ability of a compound to 
function as a precursor of the vitamin. 

^ Hess, A. F., Weinstock, M., /. Biol, Chem., 63, 297 (1925) : 62, 301 (1924); Drummond, J. C., 
Coward, IC. H., and Rosenheim, O., /. Soc, Chem. Ind., 44, 123T (1925). See also Dutcher, R. A*, 
and Kruger, J. H., /. Biol, Chem., 69, 277 (1926). Waitner, K., Magyar Orvosi Arch., 28, 6, 13, 19 
(1927); Chem. Ahs, 21, 1480 (1927), clauned to have “activated” tyrosine, but this was disproved by 
Kon, S. K., and Moore, T., Btochem. J., 21, 136$ (1927) and later by Waitner himself, Magyar Orvost 
Arch., 29, ISl (1928); Chem. Ahs., 22, 4155 (1928). 

*Hess, A. F., Weimtock, M., and Heilman, F. D., Proc. Soc. Exptl. Biol. Med., 22, 76 (1924). 

This term must not b« confused with photochemical activation in the Sfense of excitation of a 
molecule to a higher energy level. 

“Steenbock, H., and Black. A., /. Biol. Chem., 64, 263 (1925), 

* Bills, C. E., J. Biol. Chem., 66, 451 (1925), 

“Hess, A. F., and Weinstock, M.. /. Biol. Chem., 64, 181 (1925). 
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Rosenheim* verified the activatability of cholesterol and, with Webster,^ 
obtained a fraction of the irradiated material which protected against rickets when 
given in daily doses of but 0*01 mg. 

Attempts were soon made to activate various derivatives of cholesterol and 
analogous compounds. Hettinger® found that the salts of the bile acids could 
not be rendered aptirachitic by irradiation. Although he obtained no indica- 
tions of growth-promoting power in irradiated solutions of cholesterol acetate 
or palmitate, Hottinger stated that cholesterol oleate can be made antirachitic 
and Bills and McDonald® found the same to be true of the acetate, isobutyrate 
and benzoate although not of cholesterol ethers. They established that the double 
bond of cholesterol must remain intact for the change to occur, although the 
alcohol group may be estcrified. Schlutz, Ziegler and Morse definitely eliminated 
the oxidation products of cholesterol as a- and ^-cholesteryl oxides, hydroxy- 
cholesterol, and of-cholestantriol as either the vitamin or its precursor. They 
made the suggestion that the provitamin of cholesterol might have been, both 
in their own experiments and those of others, some difficultly removable 
impurity rather than cholesterol itself. Epicholesterol cannot be rendered anti- 
radiitic by irradiation.^^ 

According to Hume and Smith, the sterols obtained from the small Siak-illipe 
nut can be activated. Hess and Anderson found that irradiation makes 
op-sitosterol strongly antirachitic, but does not affect the and y-sitostcrols.^^ 

Von Euler, von Euler and Rydbom found it possible to activate the 
sterols extracted from dried red blood cclls.^® They also observed the pos- 
sibility of activating the phosphate and phosphite esters of sterols. Coprosterol, 
being an isomer of dihydrocholesterol and therefore lacking double bonds, cannot 
be activated.^ ^ The same is true of cerevislerol from yeast^® 

Early Views as to the Change Involved. Certain features of the mechanism 
of the irradiation process were made clear even in this early phase of the 
investigations. No change in the elementary composition of cholesterol could be 
detected by Hess, Weinstock and Sherman after an hour of irradiation. 
This was an essentially correct observation which did not receive sufficient 
credence, since it was thought that combustion methods might not detect a 
slight amount of change in the composition of the highly active, but unisolated 
’product of the irradiation. Windaus,^® however, made the suggestion that 

•Rosenheim, O., Lancet, 1, 1025 (1925); see also Kramer, B., Shear, M. J., and Shelling, D. H., 
J, BtoL Chem., 71, 213, 221 (1926) 

** Rosenheim, O., and Webster, T. A., Biochem, 20, 537 (1926). 

•Hottinger, A., Z. Kinderheilk., 43, 8 (1927); Chem. Zentr, XX, 2036 (1928), them. Abs , 21, 
3219 (1927). 

« Bills. C E., and McDonald, F. G., J. BtoL Chem,, 72, 13 (1927). 

10 Schlutz, F. W., Ziegler, M. R., and Morse, M., J, BtoL Chem., 73, 209 (1927). 

^ Marker, R E,, Kamm, O., Oakwood, T. S., and Laucius, J. F., J. Am. Chem. Soc., 58, 1948 
(1936). 

«Hume, E. M.. and Smith, II. H., Biochem. J., »), 340 (1926). 

^Hess, A. F., and Anderson. R. J., /. Biol. Chem., 74, 651 (1927). 

For the irradiation of anhydrous lanolin, sec Bernhard, A., and Drekter, I. J., J. Biol. Chem., 93, 
1 (1931); Topelmann, H,, and Schuknecht, W., Z. Vitaminforschung, 4, 111 (1935); Chem. Abs, 
5596 (1935); Schieblich, M., and Pallaske, G, Dent. Med. Wochschr., 61, 957 (1935) Zurukzoglu, S., 
and Miindel, O., Z. V%tam%nforschung, 6, 125 (1937); Chem. Abs,, 31, 5446 (1937). 

^ von Euler, H., von Euler, B., and Rydbom, M.. Arch. Med. Skand., 68, 371 (1928); Chem. Abs., 
22, 4591 (1927). 

^«Even cholesterol or lipins from the snail can acquire antirachitic pioperties, Mouriquand, G., and 
Leulier, A., Compt. rend., 188, 1701 (1929). 

Rosenheim, O., and Webster, T. A., Biochem. J., 20, 53 7 (1926). 

Honeywell. E. M., and Bills. C. E., /. Biol. Chem,, 99, 71 (1932). 

^0 Hess, A. F., Weinstock, M., and Sherman, E., /. Biol. Chem., 66, 145 (1925). 

“Windaus, A., and Hess, A, Nachr. Ges. IViss. GdtHngcn, Math. Phys. Kl., 175 (1926); Chem. 
Abs., 22, 256 (1928). 
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the activation might involve a stereoisomerixation to ai^o-cholesterol, a sugges- 
tion which proved incorrect. The melting point of a sample of cholesterol 
which melted sharply at 146®C. was altered by irradiation so that it melted 
over a range of about 20 ®C. Some of its color reactions, notably the Whitby 
test, became negative. 

Oxygen was not essential to the conversion, since Hes6, Weinstock and 
Sherman showed that it could be effected by irrac^iation under nitrogen. 
Contradictory reports by Tiede and Reyher in the case of railk^s may have been 
due to their reliance upon odor and taste rather than an actual test of potency. 
Hess, Weinstock and Sherman believed an active fraction from irradiated 
cholesterol to be soluble in liquid ammonia. Attempts by these authors to 
fractionate the altered material from unchanged cholesterol by recrystalliza- 
tion methods with alcohol as solvent were unsuccessful ; a gradual loss of 
the antirachitic activity occurred. Nitzescu, Popoviciu and Denes-Goetz claimed 
to have attained some degree of concentration by such methods. 

A method which proved extremely fruitful was introduced by Nelson and 
Steenbock.2'^ It consisted in the precipitation of the unaltered cholesterol as a 
molecular compound with digitonin, a much used method in sterol chemistry. 
The antirachitic factor was found' not to be precipitated by this reagent. 
The method is employed quantitatively for determining the extent to which the 
cholesterol has been altered during a given irradiation. The difference between 
the amount of sterol treated and that which can be recovered by digitonin pre- 
cipitation represents the amount which has been photochemically altered* 
Cholesterol liberated from the digitonin precipitate was found to be capable 
of activation on renewed irradiation. Similar results were obtained by Hess, 
Weinstock and Sherman.^*^ 

On prolonged irradiation the antirachitic activity first produced is destroyed. 
This process is irreversible.-® Prolonged irradiation of cod-liver oil deprives it 
of its antirachitic vitamin. This, Adam suggested, might be due to an 
oxidative cleavage with the production of an acid, the iodine number being 
inversely proportional to the time of irradiation. Hottinger also observed 
that the antirachitic material is irreversibly destroyed by heating it at 150 to 
200“ C. and partially so at 100 to 120“C. Bills and Brickwedde found that 
greater activity could be attained by irradiating cholesterol at liquid air tempera- 
ture than at room temperature. Cholesterol solutions in oils irradiated in oxygen 

Von Euler, H., Myrback, K., and Karlsson, S., Z physiol Chem , 157, 263 (1926). 

a^Hess, A. F., Weinstock, M., and Sherman, E., /. BwL Chem., 66, 145 (1925). 

»> Tiede, E., and Reyher, P., Naturwiss., 14, 741 (1926). 

»*Hess, A. F., Weinstock, M., and Sheiman, E., /. Biol. Chem., 70, 123 (1926). 

®®Hess, A. F., Weinstock, M., and Sherman, E, /. Biol Chetn., 66, 145 (1925), 

Nitzescu, I. I., Popoviciu, G., and Denes-Goetz, J., Ball. soc. chim. biol., 9, 126 (1927); Brit. 
Chem. Abs., 1927A, 487. 

« Nelson, E. M., and Steenhock, H., J. Biol. Chem., 64, 299 (1925). 

® liess, A. F., Weinstock, M,, and Sherman, E., /. Biol. Chem, 70, 123 (1926). Sec also Nitzescu, 
I. I, Popoviciu, G., and Dcnes-(joetz, J., Bull. soc. chtm. bioL, 9, 126 (1927); Chem Abs., 21, 487 
(1927). Occasional inaccurate statements imply that the vitamin may he precipitated by digitonin, 
Beumer, H,, Khn. Wochschr., 5, 1952 (1926), Thus Ples.s, A. F., and Sherman, E., Ptoc. Soc ExpU. 
Biol. Med., 23, 169 (1925) believed irradiated cholesterol to delay the hemolytic action of digitonjn by 
binding it mdre readily than does cholesterol. See also Hottinger, A., Z. Kinderhetlk , 43, 8 (1927): 
Chem. Zentr. II, 2036 (1928); Chem. Abs., 21, 3219 (1927). 

»»Hess, A. F., Weinstock. M., and Sherman, E., J. Biol. Chem., 66, 145* (1925). 

«»Adam, A., Klin. Wochschr., 5. 1648 (1926); Chem. Abs., 21, 119 (1927). 

« Hottinger, A.. Z. Kinderheilk., 43, 8 (1927); Chem. Zentr. 11, 2036 (1928); Chem, Abs,, 21, 
3219 (1927). 

aaBUlfi. C. E.. and Brickwedde. F. G., Nature, 121, 452 (1928), 
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ochibit a. change in dielectric constant, according to Ellinger.®* This is 
attributed to an oxidation process rather than to the formation of the antirachitic 
substance since it does not occur during irradiations in the absence of air, under 
which conditions the vitamin can be formed. Bills and McDonald*^ succeeded 
in obtaining a slight degree of activation of cholesterol without irradiation by 
treatment with a certain fuller’s earth called floridin. 

Ultuaviolet Absorption Studies and Ergosterol as a Provitamin 

Studies of the alterations of the absorption spectra of sterols during the 
formation of vitamin t) directed attention to ergosterol, a difficultly removable 
contaminant of cholesterol as the precursor.®^ Von Euler®® bad found that 
thc^ ability of various oils to be converted into* the vitamin did not parallel 
their cholesterol content. It has subsequently been demonstrated that the 
important contaminant of cholesterol is not predominantly ergosterol, but 
rather the spectroscopically indistinguishable 7-dehydrocholesterol. 

It was first shown by Hess and Weinstock®'^ that although the spectrum 
of dihydrocholesterol, which cannot be activated, remained unaltered during its 
irradiation, that of cholesterol underwent a series of changes. Irradiation for 
about an hour decreased the absorption by the cholesterol, but prolonged 
irradiation had the opposite effect. After 17 hours, the material had become 
somewhat yellow in color and melted at a lower temperature, and after 30 hours 
it was opaque to both the ultraviolet and blue rays. Schlutz and Morse®® 
made the premature suggestion that the early disappearance of the absorption 
bands^ of cholesterol might be taken as an index of the potency attained, thus 
avoiding the necessity of prolonged animal experiments. Subsequent develop- 
ments, however, showed the spectrograph ic changes to be extremely complicated. 

Soon, however, other workers in three laboratories showed that some of 
the absorption bands exhibited by cholesterol were really due to an impurity. 
Rosenheim and Webster®® showed that when the cholesterol had been purified 
through the dibromide it could no longer be made antirachitic by irradiation. 
The usual methods of purification, however, did not remove the impurity which 
is capable of producing the vitamin on irradiation. This is an instance of a 
peculiar difficulty inherent in the chemistry of the sterols in general. These 
substances have a tendency to form loose associations with each other, with 
their derivatives, and with other compounds, notably the bile acids, which 
renders it very difficult to obtain pure compounds by even many recrystalliza- 
tions. Heilbron, Morton and Kamm by fractional crystallization of cholesterol 
from ethyl acetate, concentrated a substance in the least soluble fraction which 
had three well-defined absorption bands at 2930, 2800 and 2690A. These 


PharmakoL, 122. 238 (1927); see also Remezov, I., Btochem, Z., 

(1926); 72, 1 (1927); see also Yoder, 
4, *9^932)°'^^ reviewed by Loofbourow, J. R , Bull. Basic. Sci. Research, 3, 101, 201 (1931); 

*«von Euler, H., Arch. Kemi Mineral Geol., 9, 28 (1925). 

(’’25) i ScUut*. F. W., 

(19*26)?*®”*^*^' T. A., J. Soc. Chem. Ind., 45, 932 (1926); Biochem. J., 20, 537 

Kamm, E. D., /. Soc. Chem. Ind., 45, 932 (1926); Biochem. 
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disappeared when the substance was irradiated, either in the solid state or in 
solution in alcohol or ether. At Gottingen, Pohl found a sample 
cholesterol which exhibited an inflection at about /2700A, a peak at abput 
2800 and an inflection at about 2900A to be altered by irradiation by a 
magnesium spark in such a way as to increase the transmission between 2500 
and 3100A, As great a change could be produced in ten minutes with a magnesium 
spark with strong lines between 2800 and 2850A as could be obtained with the 
unfiltered mercury arc in an hour. By subtraction of the absorption curve obtained 
after an irradiation of twenty minutes from the original absorption curve of 
the sample there was obtained an absorption curve of the material which had 
been altered by the irradiation. This curve was subsequently shown to cor- 
respond to the absorption curve of ergosterol.'*^ The decrease in extinction 
values at 2800A, indicated that, had the original absorption band truly belonged 
to cholesterol, about half of the sample must have been altered during the 
irradiation. Actually, however, at least 99.5 per cent of the original cholesterol 
could be recovered unchanged after such a treatment. The absorption which 
is altered during the irradiation must, therefore, be that of a contaminant. 
From the extinction values of ergosterol, Pohl concluded that his original choles- 
terol samples had been contaminated with this sterol to the extent of about one 
in 6000. Bills, Honeywell and McNair^® found the ergosterol bands shown 
by samples of cholesterol could be made to disappear by treatment with char- 
coal. The original samples had been contaminated to the extent of about 
1,2 parts per thousand. The disappearance of the ergosterol bands of ordinary 
cholesterol and bromide-purified cholesterol to which ergosterol had been added, 
during treatment with a permanganate solution was so similar as to afford 
further evidence that ergosterol is at least a contaminant of cholesterol. 
Rosenheim and Webster estimated the intensity of the absorption by 
ergosterol to be from 1500 to 2000 times that of brain cholesterol. By irradiating 
ergosterol itself rather than cholesterol they soon obtained far more potent 
preparations than those obtainable by the irradiation of cholesterol. Similar 
results have been reported for the case of the zymosterol of yeast.'*® 

Ergosterol is a sterol first isolated by Tanret from ergot, a fungus on rye, 
a material which itself is said to have a definite antirachitic action on dogs.**® 
It is also present in yeast, and is apparently present in both animal and plant 
cells as a contaminant of their respective sterols. Its occurrence in such 
vegetable oils as that of the peanut has been reported by Morton, Heilbron 
and Kamm and it was detected in animal skin (pig) by Rosenheim and 
Webster.**® The structures of cholesterol and ergosterol are given below. 
There remains one doubtful point in the latter. The formula given is that of 
Windaus, in which one double bond is placed in the Cg position. Heil- 
bron places it in the Q — Cg position. This would mean that two double 
bonds in Ring B are not in conjugation. Against this Dimroth and Traut- 

« Pohl, R., Nachr. Ges, Wiss. GbtHngen, Math. Physik. Kl„ 142 (1926). 

*»Pohl, R., NatutwUs.. 15, 45.1 (1927); Nachr. Ges. tViss. C&ttingen, Math. Physik. KL, 185 (1927), 

"Bills, C. E., Honeywell, H. M., and McNair. W. A., /. Bigl. Ghent., 76, 251 (1928); Bills. C. E., 
Ibid., 66, 451 (1925). 

"Rosenheim, O., and Webster, T. A., Lancet, I, 306 (1927); Bwchem. J., 21, 381 (1927). 

" Fabre, R., and Sinionnet, H., Compt. rend., 188, 1312 (1929): Hume, Smith, H. H., and 

Smedley-MacLean, I., /, Soc. Chem. Ind., 47, 537 (1928); Hess, A. F., and Anderson, R. J., J. Bial, 
Chem., 74, 652 (1927). 

" Mellanby, E., Surie, E., and Harrison, T>, C., Proc, Physiol. Soc., J. Physiol, 65. xxix (1928); 
Chem. Abs., 23, 1163 (1929); Biochem. J., 23, 710 (1929). 

Morton* R. A., Heilbron, I., and Kamm, E., Biochem. J., 21, 1279 (1927). * 

" Rosenheim, 0., and Webster, T. A., Biochem. L, 21, 389 (1927). 
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maxm ^ poittt out that such a structure would not be expected to give the 
characteristic absorption bands of ergosterol. They also show that ergostatriene, 
the unsaturated parent hydrocarbon of ergosterol, and 7-dehydrocholestene each 
have the same absorption spectrum as ergosterol, so that the hydroxyl group 
at position 3 does not influence the absorption,®® 



Various related compounds have been irradiated, with negative results.®^ 
Among these were Reindel’s isoergosterol ®- and the fungisterol of ergot.®^ 
Positive results claimed by Windaus in the case of digitaligenin,®^ which like 
ergosterol contains three double bonds, could not be confirmed by Rosenheim 
and Webster. The absorption spectrum of ergosterol is given in Figure 152. 
During the irradiation of ergosterol, some of its color reactions suffer alteration. 
In the Meesemaecker reaction,®® the addition of acetic anhydride and anhydrous 
zinc chloride to a chloroform solution of ergosterol produces a rose color which 
changes to a stable green. After irradiation of the ergosterol solution, how- 
ever, only the green color results.®® 


Ikfoumation Yielded by Studies of ike Changes in Ultraviolet Absorp- 
tion OF Ergosterol During Irradiation. 


Many of the earlier papers dealing with the conversion of ergosterol into an 
antirachitic product relied chiefly upon the evidence yielded by the changes 
in absorption for conclusions as to the nature of the processes occurring. 
The first object was to obtain from such studies a clear indication of the 
absorption spectrum of the antirachitic substance. The results were extremely 
confusing and led various workers successivel> to consider three different 
absorption maxima as characterizing the vitamin. It was at first believed 
to have a prominent band at about 2450 A, but this was subsequently shown 
to characterize instead overirradiated solutions of but little antirachitic activity. 
Then it was thought that a band near 2800A, with greater extinction coeffi- 
cients than that of ergosterol, might represent the vitamin; but this was later 
found in error due to the fact, since demonstrated in the laboratory of Windaus, 
that a number of reactions are involved in the formation of the vitamin, each 


^Dimroth, K., and Trautqiann, G,, Ber,, 69B, 669 (1936). 

Sec, however, Heilbron, I. M., /. Soc Chem. Ind., 55, 129 (1936). 

Rosenheim, O., and Webster, T. A., Biochetn, 22, 762 (1928), 

Reindel, F., Walter, E., and Rauch, H , Annalen, 452, 34 (1927). 

Rosenheim, O., and Webstei, T. A,, Lamet, II, 622 (1927). 

Windaus, A., Z, angew. Chem., 40, 697 (1927); Windaus, A., and Holtz, F.. Nackr. Ges. PViss. 
Gottingen, Math. Physik. KL, 217 (1927); Chem. Abs., 22, 3<U0 (1928). 

86 Meesemaecker, R., Compt. Rend,, 190, 216 (1930); Brtt. Chem. Ahs., A, 477 (1930). 

68 See also Hausslcr, E. •?., and Brauchli, E., Helv. Chim. Acta., 12, 187 (1929) for the effects of 
trrtj(d4ation on the Tortelh and Jaffe reaction. 


FORMATION OF VITAMIN D 


m 

atttsnded by absoiiptioii changes and in part occurring simultaneously* Finally^ 
it has been established that the antirachitic material has an absorption band 
in the region of 2650A. ^ 

Pohl®^ found that irradiation of ergosterol solutions with a magnesium spark for 
25 minutes caused a fading of the 2800A band of ergosterol resulting in a change in the 
absorption spectrum. By subtracting tlie original curve from that after irradiation, 
Pohl was led to conclude that the true absorption spectrum of the vitamin would be 
dmracterized by a band with a maximum at 2450A. Similar conclusions were readied 
independently by Morton, Heilbron and Kamm,** who observed that the band at 2470A 
disappeared on prolonged irradiation, just as vitamin D was known to be destroyed. 
Their assays, carried out by the fec^ alkalinity method, were not sufficiently accurate 
to demonstrate that overirradiation had already occurred when the 2470A band appeared. 
Confirmation of the general course of the spectographic changes was afforded by Van 
Stolk, Dureuil and Heudebert “ 


Figure 152. 

Absorption of Ergosterol (Mar- 
shall and Knudson, Journal American 
Chemical Society), 


200 4 8 300 4 8 



The erroneous correlation of the band near 2470A with that of the vitamin led 
to the use of the appearance of this band as a criterion of suitable time and conditions 
of irradiation in commercial preparations of irradiated ergosterol introduced in Europe, 
and which were therefore actually overirradiated so that they contained toxic products. 
(See Chapter 38). 

Bills, Honeywell and Cox ^ presented a curve for the potency of a 1 gm. per 
liter alcoholic solution of ergosterol after various times of irradiation in 2 cm. quartz 
cells directly in contact with the window of a water-cooled Kromayer lamp. Comparison 
of this curve with the absorption spectra obtained after varioys times of irradiation 
showed that the maximum potency had been attained and pkssed before the band 
near 2450 A had become prominent, and that by the time it had reached its maximum, 
the potency had been largely destroyed. In a repetition of the work during which 
air was admitted into the cell, this band developed and faded more rapidly, but the 
activation curve was essentially the same as before. They believed that although 
oxidation might play a part in the destruction of the 2480A band, it was probably not 
concerned in the formation of the vitamin. They stated that the band at 2480 occurs 
also in the spectrum of an isoergosterol of Reindl, Walter and Raueb.*^ Rosenheim 

w Pohl, R., Naturtviss,, 15, 433 (1927) 

Morton, R. A., Heilbron, T. M., and Kamm, E. D., J. Chem. Soc., 2000 (1927) ; see also Rosen- 
heim, O., and Wdistcr, T. A., Lancft, II, 622 (1927). 

*®Van Stolk, D., Dureuil, E., and Heudebert, Compt, rend,, 187, 854 (1928) j Chem. Ahs., 23, 
1166 (1929). 

«» Bills, C. E., Honeywell, E. M., and Cox, W. M., Jr., /. Biol. Chrm,. 80, 557 (1928). 




m 


THE CHEMICAL ACTION OF ULTRAVIOLET RAYS 


and Webster also made it dear “ that the 24S0A bawl is charactepstic of a «^ra<k- 
tioQ product and not of the vitamin. Tixicr“ concluded that tlm time the 

ab»piT>tion at 2SS7A is a maximuni does not corresi>and to the time at whi<jh the 
antitachitic potencjr is greatest, 

Stnakula®* contmued the work of Pohl but used only very short irradiation 
I>eriods*® and excluded oxygen which he thought might alter some of the irradiat^ 
products* His observations eliminated the 2470A band as the vitamin absorption. He 
suggested that the true vitamin bands might be located near 2600 and 2900A. 

Webster and Bourdillon*® believed, as did Smakula, that during the early periods 
of irradiation, the absorption increases in a manner suggestive of the possibility that 
the vitamin has a band near 2800A. However, after the removal of unaltered ergosterol 
by digitonin precipitation, the absorption curve of the remaining solution showed 
less absorption than did that of ergosterol except in the region of wave-lengths 
louger than 3000A. This apparent decrease in absorption in the regions 2800 to 2900 
they attributed to the simultaneous formation of some product without either absorp- 
tion or antirachitic activity. Their belief that the vitamin absorbed at 2800A was 
founded in part upon the fact that a reirradiation of active preparations by filtered 
rays free from wave-lengths shorter than 2600A destroyed their antirachitic activity. 



Figure 153. 

Energy Distribution of Magnesium 
Spark (From Marshall and Knudson, 
Journal of the American Chemical 
Society), 


“ For further discussion of early work on the significance of this band, see Morrison, R. R., and 
Clark, L. H., Bnt. J, Radiology, 2, 307 (1929): Chem. Abs., 23, 5221 (1929): Fabre, R... and Simonnet, 
H., Bull, soc, chtm, hiol., 10, UOO (1928); Chem. Abs„ 23, 421 (1929); Covnpt, rend. soc. biol., 99, 
193 (1928); Chem, Abs., 22, 3438 (1928): Compt. rend., 188, 424 (1929); /. Phamt. chim,. 9-10, 331 
(1929): Pdaplace, R., and Rebi^rc, G., Compt, rend,, 188, 1169 (1929); Castille, A., and Rupw, E., 
Bull, Acad, Roy, Med, Belg., 799 (1929). 

Rosenheim, O., and Webster, T., Biochem, J,, 22, 1223 (1928). 

*Tixier, (3., Compt. rend., 188, 206 (1929). 

M Smakula, A., Nachr. Ges. Wiss. Cdttingen, Math, Physik, Kl., 49 (1928); Chem Abs., 23, 1157 
(1929). 


® See also Knudson, A., and Moore, C. N., J. Biot, Chem,, 81, 49 (1929). 

«* Webster. T. A„ and Bourdillon. R. B., J. Soc. Chem. Ind., 47, 1060 (1928); 
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The impmtmct of a band at 26S0A was first emphasized by Reerink and 
van Wijk.^^ These workers studied separately the effects of irradiation by 
wave4engths longer than about 2750A and by shorter wave-lengths. Their 
long wave-lengths were obtained by the use of either a mercury arc oir a 
magnesium spark (Fig. 153), in either case filtered through a half cm. of a 10- 
per cent benzene solution. Hexane solutions of ergosterol were irradiated in 
quartz containers completely filled which had been cooled in solid carbon 
dioxide and evacuated by a high-vacuum pump, before sealing off. During the 
first fifteen minutes of irradiation there was an increased absorption through- 
out a large portion of the spectrum, later followed by a lessening of the absorption 
in the long wave-length region with but little change in the shorter wave- 
length region. The maximum at 2820A diminished from the beginning but 
that at 271 5A increased at first. The nature of the changes in the absorption 



Figure 154. Absorption of Product L of Reerink and van Wijk (Biochemical Journal) • 

curves suggested that several substances were formed successively. By the 
use of very short irradiation periods they found an early formed product to have 
the absorption curve obtained by the difference method of Pohl and Smakula 
indicated in Fig. 154. This was called product L. This absorption could be 
confirmed as that of the residue after removal of the unchanged ergosterol by 
digitonin precipitation if special precautions were taken to exclude oxygen. 
The single broad absorption band with its maximum near 2650 A was attributed 
to the vitamin. There were some indications that it could be obtained as 
crystals at low temperatures. These authors believed that for irradiation periods 
up to about fifteen minutes, when 50 per cent of the ergosterol had been altered, 
practically all of the product consisted of the vitamin. After longer irradiation 
periods, 45 minutes to forty hours, larger quantities of secondary products with 
less absorption near 2700 A appeared. After 25 hours of irradiation the 
ergosterol bands at 2800 and 2900A had practically disappeared and a broad 
band between 2400 and 2500A became prominent. Animal experiments by Everse 

w Reerink, E. H., and van Wijk, A., Biochetn. 23, 1294 (1929); Proc^ Acad. Set. Amsteraam^ 32, 
845 (1929); Chem. Abs., 24, 1408 (1930); Nederland, Maandschr. Geneesh., 17, 1 (1930); Chem. Abs., 
4534 0930); Ntuture, 122, 648 (1928). 
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and van Ntdcark®^ indicated the antirachitic activity to be clesely correlated 
with the amount of this substance L calculated to be present from the spectro- 
gfraphic observations, Minimum daily doses of 100 7 of the most potent products 
(assumed from the degree of transformation of the ergosterol indicated by digitonin 
precipitation to be 50 per cent vitamin) cured rachitic rats in two weeks. 

In their short wave-length experiments they employed a mercury argon 
source, operated to give chiefly an intense mercury resonance line at 2537A, 
with two filters, which transmitted most of the energy of this line. One, a 2-cm. 
column of saturated chlorine vapor at 6 atmospheres, absorbed the longer wave- 
lengths* The other, a O.S-cm. column of 0.5-per cent aqueous potassium nitrate 
absorbed wave-lengths shorter than 2410A. Under these conditions, it seemed 
that from the start secondary reactions occurred. The general change seemed 
to be at first an increased absorption throughout the entire spectrum, followed by a 
gradual diminution culminating in practically complete transparency after 330 
minutes. The ratios of the extinction coefficients of the 14*, 60- and 135-minute 
samples appeared independent of the wave-length within a wide range and 
indicated that these curves arc representative of various concentrations of a 
substance S. This was marked by absorption at 2800 A. Upon further irradia- 
tion, it was converted into a practically transparent product. From a com- 
parison of the absorptions of S and that of L of the long wave-length irradiation 
experiments, it was concluded that early in the irradiations by short wave- 
lengths substance L is mainly formed with but little of But the tate of 

destruction of L by the 2537A line was much greater than that of S so that 
the concentration of L, assumed to be the vitamin, never made a high per- 
centage of the materials present during the short wave-length irradiation. It 
was suggested that the product of Webster and Boiirdillon may have contained 
the S substance and that this was responsible for their absorption results. 

That divergent results are obtainable by the use of different wave-lengths 
was also indicated by the work of Griffith and Spence,®® who employed a 
monochromator. Ergosterol irradiated by wave-lengths 2650A and «;horter, when 
fed at a level of 0.01 mg. per day, failed to cure rats in two weeks but was 
effective in four weeks. Samples irradiated with rays in the range 2650 to 3130A 
cured in two weeks. Samples irradiated by still longer wave-lengths did not 
become antirachitic. 

In subsequent work by Bourdillon, Fisdimann and Jenkins,'^® it was shown 
that solutions of ergosterol of low concentration required shorter periods of 
irradiation to attain the maximum absorption at 2800A than those of higher 
concentrations. This is in agreement with the results of other photochemical 
changes outlined in the second section of this book. They also showed that 
when the radiations shorter than 2650A were filtered out the formation of the 
substance absorbing at 2800A was lessened, as had been shown by the Dutch 
workers, in the case of their substance S. They later agreed that the substance 
with marked absorption between 2700 and 2800A is not the vitamin. They were 
able to obtain preparations of high potency but low absorption at 2800 A. 
Lahousse and Gonnard^^ agreed in general with the results of Reerink and 
van Wijk. They found in the best products absorption at 2570 and probably 

®See Everse, J. W. R., and van Niekerk, J., Nederland Tijdschr, Geneesk., 75, 1101 (1931): Chem. 
Abs„ 25, 1010 (1932). 

H. D., and Spence, K. C., Brtt. /. Aciin&iherapy, 3, 69 (1928). 

Bourdillon, R. B., Fischmann, C., and Jenkins, R., Proc, Roy. Soc,, 104B, 561 (1929). 

Bourdillon, R. B., Jenkins, R,, and Webster, T. A., Nature, 125, 62 5 (1930). 

Lahousse and Gotmard, 7. phys. radium, (6) 10, 114S (1929). 
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al$o at 2690A tut did not regard this product as the pure vitamin. Jt was 
also shown that even the substance L of Reerink and van Wijk was not a pure 
compound, two or more products being produced, ppbably in the same ratio 
in its formation. Some doubt was cast for a time upon the view that ^the 
vitamin has absorption at 26S0A by the work of Ender,^® who claimed that a 
very potent concentrate of the natural vitamin from tuna fish liver oil showed no 
selective absorption, a claim which has recently been shown erroneous. 

Reerink and van Wijk also observed that during the long-wave irradiation 
of ergosterol the optical rotation showed a linear dependence on the degree of 
transformation of the ergosterol. This they regarded as supporting the view 
that under their conditions but one product, the vitamin, is formed from ergosterol. 
This contrasted with the view of Askew, Bourdillon, Bruce, Jenkins and Webster,*^® 
who had obtained small amounts of a crystalline product with absorption maximum 
at 2680A, that the effect of long-wave irradiation is to produce simultaneously 
two substances, only one being the vitamin. Van Wijk, Reerink and Morikofer 
believed from absorption studies alone that the vitamin was more completely 
destroyed by prolonged exposure to sunlight than to the long-wave ultraviolet 
rays of the filtered mercury arc, a result they attributed to a difference in the 
distribution of energy from the two sources. Windaus pointed out that long 
exposures to the magnesium spark are required to over-irradiate the vitamin, which 
he found to have a negative optical rotation and, from the observations of Holtz 
in his laboratory, to have an absorption maximum at about 2700 A. It was also 
clear to Windaus that five or six irradiation products, all non-precipi table by 
digitonin, may form during the irradiation of ergosterol.’*'® Haman and Steen- 
bock believe that the ai)Sorption at 2650A cannot be used as an accurate 
measure of the amount of the vitamin formed since the change is so complex. 

Quantum Yields. During the period in which the emphasis was upon the 
spectrographic changes, little attempt was made to bring the principles of photo- 
chemistry lo bear upon the problem. Some, such as Schlutz and Morse,®^ 
crudely conceived the irradiated material to be merely a storehouse of radiant 
energy which was later supposed to be reemitted within the body, producing a 
sort of internal irradiation. Nevertheless, a few physical chemi.sts made attempts 
(somewhat premature in view of the state of knowledge of the mechanism of the 
processes involved) to learn something of the amounts of energy required for the 
conversion of ergosterol or unpurifted cholesterol into the vitamin. Fosbinder, 
Daniels and Steenbock measured the ergs of the radiation 2650 A required to 
produce a definite antirachitic potency in cholesterol and found the value to 
correspond to that in 3.2 XlO^'^ quanta. This was the energy required to produce 
a minimal threshold action. An attempt was made to calculate from this the 
least effective dose of the vitamin, the following assumptions being involved! 

Ender, F., Z. Vitaminforschung, 2, 241 (1933); Brit, Chem. Abs,, A, 1340 (1933); Chem, Abs,^ 
28, 4103 (1934), 

Reerink, E. 11., and van Wijk, A., Biochem. J., 25, 1001 (1931). 

Askew, F A., Bourdillon, R. B., Bruce, H. M., Jenkinj^ R. G. C., and Webster, T. A., Proc, 
Roy. Soc.. 107B, 76, 91 (1930); Bourdillon, R. B., Jenkins, R. G. C., and Webster, T. A., Nature, 
125, 635 (1930). 

'If*' Van Wijk, A., Reerink, E. H., and Morikofer, W., Strahlentherapie, 39, 80 (1930-31); Chem. 
Ahs., 25, 3034, 5692 (1931), 

■"Windaus, A., Nackr. Ges. fVtss. Gottingen, Math. Physik Kl., 36 (1930); Chem. Abs., 25, 132 
(1931). 

'^’See also Holtz, F., Strahlentherapie, 34, 637 (1929). 

■«» Haman, R. W., and Steenbock, H., Wis. Agr. Exp. Sta. Bull., 430, 136 0935); Chem. Abs., 30, 
3472 (1936); ef. Fuchs, t., Pharm. Preset Wiss.-Prakt. Heft, 93 (1933); Chem. Abs., 27, 5478 (1933), 

<>0 Schlutz, F. W., and Morse, M., Am. /. Diseases of Children, 30, 199 (1925). 

w Fosbinder, R. J., Daniels, F., and Steenbock, H.. /. Am. Chem, Soc., 56, 926 (1928f). 
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(a) that the molecular weight of the vitamin is the same as that of cholesterol, 

(b) that the Einstein photochemical equivalence law applies and (c)* although 
this was not recognised to be an assumption at the time, that no other simultaneous 
photochemical process occurs and that there is no loss of energy in any over- 
irradiation destroying the vitamin. The calculation indicated that the vitamin 
should be active in doses of 0.027. For the irradiation of ergosterol, the value 
was given as 0.067.®^ Shortly after this, Coward®® fotmd the best preparation 
then available to give a positive result in the line test, a biological assay, in daily 
doses of 0.027, a result which appeared a remarkable confirmation of the 
physicochemical predictions. By extending the results to three other wave- 



A, 3022 A**; X, 2636 A% O. 2800A^ 0. 2300 A^ 

Figure 155. Amounts of Energy Required to Render Ergosterol Antirachitic (Marshall 
and Knudson, Journal American Chemical Society). 

lengths, 2560, 2800 and 2930A, it was found that the results were inde- 
pendent of the wave length, the same dosage being arrived at in each case. 
In these irradiations only very short exposures were employed to eliminate the 
possibility of a loss of energy in overirradiation. As a result of this work the 
quantum efficiencies were thought to be independent of the wave-length, and, 
from other experiments, of the state of the ergosterol, e.g., as solid or in solution 
(and in the latter case of the concentration of the solution) At present, it 
would seem very unlikely that a quantum yield of unity logically could have 
been assumed for photochemical reactions of such complexity occurring in con- 
densed phases and, indeed, Kon himself has stated that the process is probably 
one with a low quantum yield. An approximation of the quantum yields actually 

«» Kon, S. K , Danicjs, F , and Stecnbork, H , /. 4ffi. Chem. Soc., 50, 2073 (1928). 

Coward, K. H., Bwchem. 22, 1221 (1928). 
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obtained in these aq^etiments is to be obtained by dividing the tnitiimal dose 
(probably 0.037) of the more recent crystalline D 2 of Windaus and others by 
calculated doses of Daniels (0,067). This gives a quantum yield of O.S, 
still a remarkable agreement in view cA the many assumptions involved. This 
work was extended ty Marshall and Knudson who plotted on log-log paper the 

minimum daily doses required to cure rats in three weeks which could be 
imparted to 0.3 mg. samples of ergosterol when irradiated by different amounts 
of energy at given wave-lengths. (See Figure 155). It was found that during 
the initial stages of irradiation the amount of the vitamin formed was directly 
proportional to the energy absorbed, since the minimum dose varied inversely 
with the ergs absorbed. For longer periods of irradiation, this relaticm failed, 
the net amount of the vitamin formed being smaller at each succeeding period 
until a stage was reached in which prolonged irradiation led to a loss in the 
vitamin previously produced. Thus these experiments yielded an independent 
confirmation of the results of spectrographic determinations. They calculated 
quantum yields of 0.3 to 0.2, based upon the potencies of the best preparations 
then available, those of Bourdillon and Webster. That this is greater than that 
of the D 2 mentioned in connection with the results of Daniels may account 
for the somewhat lower quantum yields of Marshall and Knudson. In two instances 
in which prolonged irradiations were made, the results with the 2536 and 2800A 
lines appeared to be identical. This result is hard to reconcile with the observa- 
tions of Reerink and van Wijk. 

Other Features of the Irradiation Changes 

During this period a number of other observations tended to throw some light 
on the influence of various factors on the irradiation process. The discovery that 
the irradiation could be effected successfully at *~183’'C., a temperature at which 
most bimolecular reactions are markedly inhibited, suggested the likelihood that 
the reaction is a monomolecular process, probably an isomerization.®^ The process 
is markedly affected by the choice of solvent.®® In ether, the maximum potency 
is about five times that which can be attained in alcohol. The maximum is 
reached in 27 minutes in alcohol but only after four hours in ether. The vitamin 
is destroyed much more slowly by overirradiation in ether. Cyclohexane as solvent 
is intermediate between alcohol and ether. The vitamin can be destroyed by 
x-rays.®*^ 

During the early studies attempts were made to render unpurified cholesterol anti- 
rachitic by the action of x-rays. Hess and Weinstock** were imable in this way to 
alter its absorption spectrum, but Roffo and Correa®® found that it was thereby 
rendered nonprecipitable by digitonin. Reinhard and Buchwald®® found the absorption 
to be shifted to longer wave-lengths by x-rays or 7-rays, although the change in 
optical rotation was but slight. No antirachitic potency was acquired, according to 
Stenstrom, Lehmann and Hillstrom 

Knudson* found commercial cholesterol could be rendered antirachitic by the 

“ Maraliall, A. L., and Knudson, A., /. Am. Chem. Soc., 52, 2304 (1930). 

«BUls. C. E., and Brickweddc, F. G., Nature, 121, 452 (1928). 

••Bills, C. E,, Honeywell, E. M., and Cox, W. M., Jr., J. Biol. Chem., 92, 601 (1931). 

•^Morrison, R. R., Peacock, P. R., and Wright, S., Biochem. J., 22. 1138 (1928); Sumi, M., Bull. 
Inst. Phys. Chem. Research, (Tokyo) 8, 640 (1929); Chem. Abs., 1875 (1931). 

••Hess, A, F., and Weinstock, M., /. Biol. Cltem., «4. 181 (1925). 

•• Roffo. A. H., and Correa, L. M., Boll. Inst. Med. Exptl., No. 5 (1925); Brit. Chem. Abs., A, 
523 (1929). 

••Reinhard, M. and Buchwald, K. W., J. Biol. Chem., 73, 383 (1927). 

Stenstrom, W., Lohmann, A., and Hillstrom, H. T., Pr&c. Soc. Exptl. Biol. Med,, 25, 817 (1928). 

••Knudson, A., Science, 56, 176 (1927); Knudson, A., and Coolidge, W. D., Proc. Sec. Bsptl. Biol. 
Med., 24, 366 (.19^7). 
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action of cathode rays. Hieger believed that*" cholesterol cotild be made activatable 
by x-rays only in the presence of a chlorine-containing solvent. 

Ergosterol can be rendered active by cathode rays, but the activity attainable is only 
0.04 that attainable by the use of ultraviolet rays.** That soft x-rays may be employed 
for the formation of the vitamin has been observed by Belaplace and Rebiere*® and 
by Loofbourow and Shelow."® The glow discharge has been successfully employed by 
Askew, Bcmrdillon and Webster.*^ The claim of Takamiya*" that ozone is able to 
e€ect the production of the vitamin is apparently incorrect in view of the work to be 
described m a subsequent section which shows that ozone would completely destroy 
features of molecular structure upon which the vitamin action depends. 

Even before the isolation of crystalline irradiation products, it appeared 
likely that tlie change involved in the production of the vitamin is one of isomeriza- 
tion. Early suggestions of a correlation between the peroxide content of anti- 
rachitic products and their potency did not prove significant. That oxygen 
la not essential to the occurrence of the desired change in ergosterol is apparent 
from the many investigations in which it was excluded without affecting the 
process.^®® Nevertheless, it was possible before the structural formula of the 
sterols was as well understood as at present, to conceive of a secondary alcohol 
group being converted into a ketone by a migration of hydrogen atoms to some 
double bond.^®^ Heilbron, Morton and Sexton tended to favor a ketone 
structure for the vitamin, particularly because of the results of studies of the 
monomolecular spreading on water of films of the irradiation products in 
comparison with the types of spreading exhibited by various sterol derivatives. 
However, many arguments were quickly marshalled against this possibility. In 
the first place, since ergostcryl acetate can acquire vitamin properties, it is 
unlikely that the hydroxyl groups can be affected.^®^ Infrared absorption studies 
indicated the persistence of the alcohol group and the non-appearance of a ketone 
group during the irradiation, except possibly in over-irradiated products. This 
was in agreement with the conclusions of Winclaus and Linsert ^®® from 
chemical evidence. It was stated that the optical activity changes from about 
to *+-15® in 45 hours, but that the molecular weight remains unchanged 
and a free hydroxyl group remains as shown by the action of metliyl magnesium 
iodide. Hydrogenations and perbenzoic acid titrations of the best products then 
available appeared to indicate that the number of double bonds remains unaltered. 
(This was later shown to have been in error.) This stimulated a number of 

wHiwr. 1., Biochem. J,. 21, 407 (1927). 

Kniadson, A., and Mooic, C. N., J. Bid. Chem., 81, 49 (1929), wc<' also Holtman, R M, and 
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Agr, Kyushu Imp. Univ„ 3. 1 (1930); Chrm. Abs, 25, 1877 (1931). 

•» Yoder, L., /. Biol. Chem., 70, 297 (1926); Sclnniktis, B., Arch. Exptl. Path. Pharmakol,. 121, 
230 (1927); Chem. Abs., 21, 2335 (1927); Rousseau, E., Compt rend. soc. bwt., 99, 1844 (1928). 

^<»Sec Beard, H. H., Burke, R. E.. Thompson. H. E., and Goldblatt, il.. /. Biol. Chem., 96. 307 
(1932). 

»<«■ See Wmdaus, A., and Linsert, O., [Annalen, 465, 148 (1928)1 for an early discussion of the 
chemical possibilities. 

108 Heilbron, I. M., Morton, R. A., and Sexton, W. A., J. Chem. Soc., 47 (1928) ; Sexton, W, A., 
Biochem. J., 22, 1133 (1928). 

^0* Rosenheim, O., and Adam, N. K,, Proc. Roy. Soc., lOSB, 422 (1929); Stcigmaun. A., tKolhid 
Z., 45, 165 (1928); Chem. Abs., 22, 3432 (1928)1 favored a ketone structure because of a color test. 

Heilbron, I. M., Bnt. J. Actinotherapy, 2, 210 (1928). 

Shelow, E., Bull. Basic Sci Res., 3, 175 (1931); see also Hirsch, W„ and Kellner, L., Klin 
Woehsekr., 19, 171 (1931); Chem. Abs., 25, 2173 (1931); Biochem. Z., 235, 162 (1931). 

joowindaus. A,, and Linsert, O., Anndlen, 465, 148 (1928); Windaus, A., Westphal, K., von Wer- 
der, F„ and Rygh, O., Nachr. Ges. l^iss. GSUmgen, Math. Physik Kt., 45 (1920) ; Chem. Abs., 24, 
4799k (1930) J Wmdaus, A., Kachr. Ges. vnss. Gottingen, Math. Physth Kl, 36 (1930). 
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mvestigfatioit® regarding the possible potency or activatability of the various 
chemically prepared isomers of ergosterol in which the positions of the double 
bonds are shifted, as well as that of the stereoisoraers.^*^^ 

Isolation of Crystalline Irradiation Products 

Attention was diverted to the study of crystalline irradiation products which 
were isolated about 1930. There were a few earlier observations. Jendrassik 
and Kem(§nyffi claimed the isolation of a crystalline substance effective in a 
daily dose of 0.01 y. This may be doubted since the product was said 
to exhibit no ultraviolet absorption spectrum and since the activity claimed exceeds 
that of the well-characterized products later obtained by others.'** The first definitely 
characterized crystals, isolated by Windaus, Gaede, Koser and Stein, proved 
to be biologically inactive as a result of over irradiation (50 hours). They 
could be separated into two fractions by fractional crystallization of the allophanate 
from benzene. As an indication of the excessive irradiation employed, they were 
called suprasterols I and IL Neither showed absorption of wave-lengths longer 
than 2S00A. They were not precipitated by digitonin and were not mutually 
interconvertible. Suprasterol T melted at 104®C. and II at 110®C. They appeared 
to be triply unsaturated monohydric alcohols. 

Active crystals were obtained shortly after this by Askew, Bourdillon, Bruce, 
Jenkins and Webster.^^*^ Ergosterol in ether solution was irradiated by a 
mercury-vapor lamp while flowing through a quartz tube at such a rate that 
about 40 per cent of the ergosterol was altered. After removal of the unchanged 
sterol by digitonin precipitation, the solution was evaporated in vacuo to a dry 
resin. By distillation at pressures between 0.002 and 0.01 mm, there were 
obtained distillates which, on solution in alcohol with water added formed just 
opalescent liquids. These mixtures, on slow evaporation in a vacuum desiccator, 
gave ci-ystals melting 113-115®C. The ultraviolet absorption of these crystals 
agreed with that of the substance L of Reerink and van Wijk and in several 
samples the absorption paralleled the biological activity. The crystals were at 
first thought to be a mixture of two or more very similar substances (only 
one of which might be the vitamin), or else mixtures of antirachitic substances 
of different degrees of potency. 

Tt was shown that a product prepared by irradiation with longer wave-lengths 
suffered a change on subsequent irradiation by shorter wave-lengths (2100-2800A), 
the absorption increasing at 2800A and the antirachitic value falling. On the 
other hand, irradiation by long wave-lengths for fifteen minutes had but little 
effect on the antirachitic potency. It was suggested, from closer analysis of the 
results, that the inactive substance absorbing at 2800A is produced during the 
re-irradiation of the long wave-length product by short wave-lengths, not from 
the vitamin but from some other substance present, to an extent which depends 

iw Bills C, E., and Cox, W. M., Jr., J Bwl Chem., 84, 455 (1929); Bills, C. E., Cox. W. M., If., 
and Steel, G, E., Ibid,, 84, 65 5 (1929); MacCorquodale, D. W.. Steenbock, H., and Adkins, H., 
J. Am. Chem. Sot.. 52, 2512 (1930); Hart, M. C.. and Heyl, F. W,. Ibid., 52, 2013 (1930); Emer- 
son, H.. and Heyl, F. W., Ibid., 52, 2015 (1930); Hart, M, C, Speer, J. and Heyl, F, W., Ibid,, 
52, 2016 (1930); Heilbron, I. M., Johnstone, 1*., and Spring, r. S., I. Cbem Soc., 2248 (1929); 
Windaus, A., and Aubagren, E., Annalen, 472, 185 (1929); Windaus, A., Ditbmar, X., Murke, H., 
and SucHull. E., Annaltn, 488, 91 (1931); Cox. W. M., Ji . and Bills, C. E., /. Biol. Chm., 88, 
709 (1930); Natclson, S., Sobet, A. E., and Kramer, B., Ibid, lOS, 76i (1934); Natelson, S., and 
Sobel, A. E., Ibid., 109, 687 (1935). 

^Jendrassik, A., and Kem^nyffi, A. G., Biochem, Z.^ 218, 238 (1929). 

* Reerink and van Wijk, it may be recalled, stated that they had evidence of crystals at low 
temperatures in their products. 

loe Windaus. A., Ga^e, J., K6ser, J., and Stein, G., Annalen, 483, 17 (1930), 

Askew, F. A., Bourdillon, R. B., Bruce, H. M., Jenkins, R. G. C., and Wf^ster, T, A,, Proc, 
Boy. Soc., 107, 76, 91 (1930). 
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upon the owiitioits used in the first irradiation* They did not believe this 
to be a preootsw of the vitamin but some other substance formed simultaneously 
with it. The simultaneous production of two products, one of which is inactive, 
would prevent the concentration of the vitamin produced by irradiation from ever 
reaching 100 per cent. Within a year they had improved the technique 
to an extent that permitted the preparation of several grams of the crystals. 
In this process, it was essential that oxygen be excluded. The oxygen uptake 
of the irradiated products was thought to be largely due to the oxidation of 
products oAcr than the vitamin for much oxygen could be absorbed without a 
Corresponding loss of potency. Provisionally, they gave the name calciferol 
to the crystals, recognizing the possibility tliat they might not be a single 
compound, This substance melted at 123425°C. and had 4-260®, The 

abs^ption spectrum showed a maximum at 2700A and an inflection at 2600A 
indicative of a second maximum. The elementary analysis and molecular weight 
determination indicated the substance to be an isomer (or a mixture of isomers) 
of crgosterol. Partially successful esterifications indicated the presence of an 
alcohed group. They were then uncertain as to whether the calciferol was a 
product of the original irradiation or one which had been altered by the heat 
employed in the subsequent distillation. The purity of these calciferol crystals was 
questioned by Bills, McDonald, Be Miller, Steel and Nussmeier.^^^ 

Meanwhile at Gottingen crystals were also obtained and called 

The^ irradiation products obtained under conditions of little or no over- 
irradiation, after being freed from unchanged ergosterol, were allowed to react 
with citraconic anhydide at room temperature. That portion which had 
reacted was removed after three days and the solvent evaporated from the 
remamder* The residue could be easily recrystallized, as long needles melting 
at 124sS®C, and subliming in high vacuum at 135*^0. They had an absorption 
band wift a maximum at 2650-2700A and were isomeric (composition and 
molecular weight) with ergosterol. The limiting antirachitic dose was 0.025y. 
The crystals had a high positive rotation, in acetone or alcohol, ral®^®^~4-171® 

L J 20# 

Samples made by the method of Reerink and van Wijk, however, showed a specific 
rotation of but 4-30®. seemed, furthermore, different from the crystals obtained 
in England since after ten recrystalHzations, the German product had a rotation 
of 4-159* and the English of 4-260**. Windaus suggested that it might be that 
the only change involved was a steric one leading to an increase in the spatial 
size of the molecule. But it was suggested that during overirradiation, the 
double bonds which form a conjugated system may be moved to positions further 
apart.ii^ combination of the crystals with maleic anhydride indicated the 

presence of a conjugated double bond. At room temperature the new crystals 
absorbed no oxygen in twelve hours. 

It was soon found, however, that neither calciferol nor Dj represented the 
pure antirachitic photoisomer of ergosterol The English workers announced 
that^^® by fractional crystallization of the 3,5-dinitrobenzoate, their product 


Angus, T. C., Askej^ F. A., BourdiUon, R. B, Callow, R. K., Fischmann. C., Philpot, J., and 
Vvcbfter, T. A., Ibid, lOSB, 340 (1931). 

“4 Bills, C. E„ McDonald, F. G., Be Miller, L. N., and Nusstneier, M., J. Biol. Chetn., 93, 775 


Windaus, A., Luttrinehaus, A., and Deppe. M., Annalen, 489, 252 (1931): Windaus, A.. Ptoc. 
Roy. Soc., 108B, 558 (1931). ' * 


aa*For evidence for this from refractive indices* see Von Auwera, K„ and Wolter. E.. Nachr. Gen. 
Wise* Gbttingen, Math. Physik. Kh, 101 (1931); Chem. Abs., 26, 5844 (1932). 

ws A^kew, F. A., Bruce, H. M., Callow, R. K., Philpot, J. St. L., and Webster, T. A,, Mature, 128, 
'^7^8 (1931). 
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bad been separated Into an inactive substance, pyrocatciferol, formed by the action 
of heat during the distillation, and the true antirachitic compound, for which 
they retained the name calciferol. Thus their original or ‘‘old calciferol” had been 
calciferol contaminated with pyrocalciferol, which iS kgmi an isomer. 

Wmdaus and Linsert, in a brief note/^® announced the isolation of ancfther 
compound, Dg melting at llS-1 16*^0, and having [a]i> = "^85® in acetone. This 
was obtained by the dinitrobenzoate method from Di which was found to consist 
of Ds and an isomeric alcohol.^^’*’ D 2 also shows definite absorption at 2650A. 
New calciferol and are identical, but the old calciferol and Di were not 
The former had as the second material pyrocalciferol (and probably also the con- 
taminant of Dj) and the latter had as the second component an isomeric akohol 
formed from ergosterol by irradiation.^^® This has been called lumisterol, or a 
sterol formed by light. The lumisterol has its absorption maximum at about 2700A 
and is the substance which, on irradiation with short wave-lengths, is converted 
to the substance with strong absorption at 2800A. It was readily shovm 
that lumisterol and calciferol {D 2 ) in equimolar proportions would have the 
absorption spectrum of Di. The English workers suggested that the substance 
L of Reerink and van Wijk may have been a mixture of calciferol (D 9 ) and 
one or more inactive irradiation products. It was next shown by Windaus, Dithmar 
and Fernholz,!!® by titrations with perbenzoic acid, that lumisterol contains three 
double bonds. It has no antirachitic action and is not toxic. By irradiation in 
ether with the unfiltered light from a magnesium arc, in which the longer 
rays predominate, it is converted, in part at least, into D 2 . Thus it must be a 
transitory intermediate product in the conversion of ergosterol into D 2 . From 
the English observations, it would seem that, if in this process the lumisterol 
is irradiated by too short wave-lengths, the reaction follows a different course, 
producing the substance which absorbs maximally at 2800 A. That the substance 
which disappears when this absorption at 2800A is produced is not the vitamin 
had been shown previously by Windaus and Auhagen.^^® 

It was not yet apparent why it was so necessary to eliminate oxygen during 
the irradiation since none of the products thus far described is readily attacked 
by it. It was believed both by Windaus and by the English group that the 
irradiation product attacked by oxygen is not the antirachitic material. In 
further studies, Windaus, von Werder, and Liittringhaus isolated a sub- 
stance from the treatment of the irradiation product with citraconic anhydride. 
Because of the rapidity with which it reacts with that reagent (much greater 
than D 2 ) it was called tachysterol. Since it reacts rapidly with oxygen also, it 
seems to be the product which makes the exclusion of oxygen essential. That 
this material must be preserved in order to secure high yields of Do during 
irradiation seems to imply that it lies in the direct line of conversion of 
ergosterol into Tachysterol lacks antirachitic action and is not toxic. 

’^•Windaus, A., and Linsert, O., Annalen, 489, 269 (1931); see also Z. physiol. Chem., 203, 70 
(1931). 

work has been reviewed by Liittringhaus, A., Chem. Ztg., 55, 956 (1931). 

Detailed accounts of the preparation of new calciferol are given in Proc. Roy. Soc., 109B, 488 
(1932) and of Dj by Windaus, A., Linsert, O., Luttringhaus, A., and Wcidtich, G., Annaien^ 492, 
226 (1932). For criticism, see Bills, C. E., and McDonald, F, /. Biol Chem., 96, 189 (1932). 
For another method of obtaining the crystals, see Sumi, M., J. Agr. Chem. Soc. Japan, 12, 1211 (1936); 
Bull. Inst. Phys. Chem. Research (Tokyo), 15, 635 (1936); cf. also Francesconi, L., and Opisso, F., 
Ann. chim. appU, 25, 124 (193S); Bnt. Chem. Abs., A, 857 (1935); Chem. Abs., 29, 6254 (1935). 

Windaus, A., Ditbmar, K., and Fernholz, E., Annalen, 493, 259 (1932). 

Windaus, A., and Auhagen, E., Z. physiol. Chem., 196, 108 (1931). 

Windaus, A., von Werder, F., and Luttringhaus, A., Annalen, 499, 188 (1932). 

^“Inhoffen, H. H., and Hauptmann, H., IZ. physiol Chem., 207, 259 (1932)] believe that in the 
presence of tachysterol. Da becomes slightly sensitive to air. 
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It has a high absorptiott maximuiw at ^00 A and fufther bands at 2680 and 
2940A and is changied, in part at least, into Da when irradiated by the magnesium 
spark. It thus appears to be the substance built up by short-wave irradiation of 
ergosterol or of lumisterol. That it does not appear during the long-wave irradia- 
tion is probably due to the fact that it is formed only in low concentrations 
and immediately converted into Dg. The use of short waves, owing to lack of 
absorption, could probably only very slowly convert it into D^. 

It thus became apparent that five isomers of ergosterol are produced by irradia- 
tion and it became possible to place them in the sequence in which the trans- 
formations occur.^2^ Slight differences in the order were suggested in these 
papers, the following being the seqttence of changes given in the most recent paper 
of Setz. 


Ergosterol — ^ Lumisterol — » Tachy sterol 





vSiiprasterol I 
Suprasterol II 
Substance 248 


The substance 248 is so called because it has an absorption maximum at 2480A. It 
may be recalled that this substance was originally mistaken for the vitamin by 
Pohl. It is a product of overirradiation and is not antirachitic but is toxic and 
sometimes called toxisterol4^^ Setz states that irradiation of any substance in 
the list leads to the formation of a mixture of all substances following it, but 
that the sequence cannot be reversed. Light of the longest wave-length, 3100A, 
capable of altering ergosterol gives rise to lumisterol after which further change 
is but slow. With the use of somewhat shorter wave-lengths, 2800A, the lumisterol 
stagfe is passed over and tachysterol is immediately procluced. It is very sensitive 
tqf IWger wave-lengths and is converted into Do. Between 3000 and 3600 A, it 
more than ten times as strongly as docs ergosterol. The existence of 
this sequence may explain why the mercury arc light, when freed by a xylene 
filter from rays shorter than 2800A, forms chiefly the vitamin and lumisterol in 
fairly constant proportions. The shorter rays are necessary to convert the 
lumisterol into tachysterol. The magnesium light, 2780 to 2800A, yields practically 
no lumisterol but chiefly tachysterol and Do, suggesting that the tachysterol 
may he formed without passing through lumi«?teroI as an intermediate stage. 
Against this possibly oversimplified scheme is also the fact that on short irradia- 
tions during which but 10 per cent of the ergosterol has been altered, D 2 pre- 
dominates in the mixture, although it might be expected that the first product, 
lumisterol, would predominate. In a product of longer irradiation (method of 
Reerink and van Wijk) with 50 per cent ergosterol conversion, there were found 
to be present about 40-50 per cent of lumisterol, 30-40 per cent of D 2 , 40-50 per 
cent of tachysterol, 5-10 per cent of suprasterol II and possibly also traces of 
suprasterol L 

By the use of a monochromator, Bowden and Snow recently showed that 
calciferol in cyclohexane is rapidly decomposed by the wave-length 2650A, but is 
not changed by 3 130 A or longer wave-lengths. The decomposition is independent 

^®*Wmdaus, A., Liittrmjfhaus, A., and Bu'ssc, P., Nachr, JViss G&iimgen, Math. Phystk Kl. 150 
(1932); Chem, Abs,, 27, 2180 (1933); Wiiidau.s A., von Werder, F., and Liittringhaus, A., Annalen, 
499, 188 (1932); Setz, P*. Z. physiol. Chem., 215, 183 (1933). 

Laquer, F., and t-insert, O., Kim. Wockschr,^ 12, 753 (1933), Spectroscopic evidence by Ditn- 
roth indicates tnat ergosterol cannot form tachysterol without passing through lumisteroU Bcr., 70B, 
1631 (1937). See also Windaus, A., Sitsber, preuss, Akad. Wiss. Physik-fnath. KL, No. 9-12, 104 
( 1937 ). 

F. P., and Snow, C. P., Proc. Roy. Soc„ USB, 261 (1934), 
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of the presence of air. Ergosterol in cyclohexane was not altered by the wave- 
length 3130A but was rapidly converted into calciferol by 2967 A. With 2650A, 
the i^ield of calciferol was decreased. Thin crystals^ of ergosterol were scarcely 
affected by 3650, 3130 or 2537 A, but were rapidly transforined by 2967 A. ' 

Jendrassik has claimed that ergosterol can be rendered antirachitic by 
irradiation with sunlight, yielding a preparation 2 per cent as potent as that 
produced by artificial ultraviolet sources. It has been found possible to irradiate 
ergosterol by ultraviolet rays which have passed tlirough the epidermis of a day- 
old rat.^^ 

Chemical Changes Occurring During the Irradiation of Ergosterol 

It has been pointed out in the preceding discussion that the various irradiation 
products in the sequence of changes undergone by ergosterol are all isomers. 
I'he elucidation of the constitution of each of these, established in all of the most 
important features, has been accomplished by the application of chemical and 
physical methods. Among the physical methods have been the comparison of the 
data on ultraviolet absorption, refractive indexes and x-ray crystal structures of 
these products with those of related compounds of known constitution. The 
chemical attack has involved the identification of oxidation products, the 
determination of the number of double bonds in the various products by catalytic 
microhydrogenation methods and by perbenzoic acid titrations, and the determina- 
tion of their conjugation by the maleic anhydride reaction. The number of 
rings present was found by selenium dehydrogenations followed by the identifica- 
tion of the products. Finally, the thermal decomposition products have been 
studied. The details of the historical development lie beyond the scope of this 
discussion.^^® 

It was first shown that the double bond (C22 to C23) in the side-chain is 
unaltered during the transformations, since ergosterol, lumisterol, tachysterol, 
and suprasterol I can each yield methyl isopropylacctaldehyde on suitable treat- 
ment.^^® The changes must then be stereochemical or associated with the posi- 
tions and stability of the double bonds within ring B of ergosterol. 

Tliree double bunds were found present in Jumi sterol, and studies of the 
oxidation products indicated them to be in substantially the same positions as in 
ergosterol, a result supported also by dehydrogenation experiments by Dimroth. 
Only a stereoisomeric change remains as a possibility. This was at first thought 
to consist in an epimerization of the hydroxyl group at position 3, but this 
has been shown unlikely by the observation that the unsaturated hydrocarbons 
produced by the dehydration of ergosterol and lumisterol by phosphoryl chloride 
are clifferent.i 32 Dimroth shown by a comparison of tlie absorption spectra 


J***® Jendrassik, A,, Biochem. Z., 252, 205 (1932). 

^“7 Lucas, N. S., Biochem, 27, 132 (1933). 

For detailed reviews, see Lettie, 11., Annalen, 5U, 280 (1934) j Callow, R. K., Sci. J. Roy. Coll, 
Sci„ 4, 41 (1934); Rosenheim, O., and King, H., Chem. & Ind„ 196, (1934); 699 (1935); Nicola, O., 
Rev. Med. Latin-Am., 220, 358 (1934); 231, 279; Chem. Abs., 8075 (1935); Linsert. O., Med. 
Chem, Forschiingstaften J. G. Farbcmnd., 2, 28l (1934); Rygn, O., Tide. Kjcmi Bergvesen, 14, 26 
(1934); Windaus, A, L. Merck's Jahresber., 50, 3 (1936); Ruzicka, L., and dolcibcrg, M. W,, Helv. 
Chtm Acta, 18, 434 (.1935); Schmidt, O., Ber., 68B, 1658 (1935); Ileilbron, I. M., and Spring, F. S., 
Chem. & Ind., 795 (1935); Cvirrent Sci., 5, 69 (1936); Fiescr, L. F., “Cnemistry of Natural Prod- 
ucts Related to Phenanthrene,” Reuihold, 2nd ed., 177 (1937); Hcilbron, 1. M., Chxmic et industrie, 
39. 19 (1938); Bills, C E., /. Am. Med Aasoc., 110, 2150 (1938). 

Guiteras, A., Annalen, 494, 116 (1932). 

Dimrqth, K,, and MSller, E. F., Ber., 68B, 539 (1935); Hcilbron, L M, Spring, F. S., and 
Stuart, P. A., J. Chem. Soc., 1221 (1935); Haslewoo^ (3., and Roe, IS., J., Chem. Soc., 465 (193®). 

More recent proof is due to Burawoy, A., /. Ch^. Soc., 409 (1937), and Hcilbron, I. M., Mof- 
fet, G. L., and Spring, F. S., /. Chem. Soc., 4ll (1937). 

^43 See, however. Callow, R1 K., and Young, F. G., Froc, Roy. Soc., 157 A, 194 (1936). 
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dehydrolumisterol and dehydroergxjsterol, and by other chemical evidence, that 
the change in configuration occurs at the methyl group of This persists 

in the succeeding products as well and Dimroth attributes the inability of the irradia- 
tion products to combine with digitontn to the spatial arrangement of the methyl 
group at Cio produced in the first transformation of the scries. 

A most significant observation by Lettr^ showed tachysterol to contain the 
equivalent of four double bonds.^^® This could result only from the opening 
of a ring, reducing the number of rings in the system from four to three. For a 
time it was believed that in the conversion of tachysterol to a fourth ring 
is reformed. Unfortunately, it was not possible to obtain crystalline dehydro- 
genation products which might yield information as to the number of rings. How- 
ever, it was established that D2 also contains four double bonds by hydrogenation 
and by perbenzoic acid titrations,'®'^ Muller showed that it contained three of 
its double bonds in a conjugated system and differed only from tachysterol in the 
location of these bonds. Rosenheim and King were of the opinion that the 
breaking of the ring in tachysterol formation took place between C(S) and 
C(10), resulting in the unusual formation of a ten-membered ring. This view was 
based upon x-ray evidence of Bernal,'®® which appeared to indicate an essential 
similarity of the unit cells of all of the irradiation products, the length of the 
molecule not being affected by the intramolecular changes. Proof that this 
is incorrect and that it is the bond between positions 9 and 10 which is broken was 
furnished by Lettre and by Heilbron and Spring by the study of the products 
of the oxidation of D^. In this work it was established that there must be a double 
bond in calciferol between positions 5 and 6. Furthermore, Windaus and 
Thiele by a study of certain degradation products and their maleic anhydride 
addition compounds located the remaining double bonds so that the structure of 
is that represented below.'^' 

, The thermal decomposition products of the D2, pyrocalciferol and isopyrocalif- 
erol are formed by a process involving a ring closure,'^^ since the equivalent 
of a double bond disappears. The process occurs in such a manner as to 
re-form the original sterol ring system. There is evidence that a ring closure 
occurs also in the formation of suprasterol I by overirradiation but a different ring 
system, possibly containing a spirocyclopentane ring, is formed.'^® 

Pyrocalciferol irradiated forty hours with magnesium light in peroxide-free 
ether yields photopyrocalciferol, and isopyrocalciferol similarly gives a photo- 
isopyrocalciferol. Such changes are due to the conjugated system of two 
double bonds between C5 and C© and between C7 and Cg in ring B, found also 

K., Ber., 69, 1123 (1936). 

Windaus, A., and Dimroth, K.. Ber., 70B. 376 (1937). 

^Lettre, H., Annalen, 511, 280 (1934); Angew Chem., 47, 736 (1934), 

^*®Sce also Kuhn, R., and MSIler, E. F., Angew. Chem., 47, 145 (1934). 

W Muller, M., Z. physwl Chem., 233, 223 (1935); Fernholz, E., Annalcn, 499, 198 (1932); Ahrens. 
G., Femholz, E., and Stoll. W., Ibid., 500, 109 (1933); Heilbron, I. M., Samant, K. M., and 
Spring, F. S., Nature, 135, 1072 (1935); Wmdaus, A., and Thiele, W., Annaien, 521, 160 (1935). 

^Rosenheim, O., and King, H., Chem. & Ind., 699 (1935). 

^Bernal, J. D.. Nature, 129, 27T (1932); Bernal. J. D., and Crowfoot. D., Chem. & Ind., 54, 
701 (1935). 

Heilbron, I. M., and Spring, F- S., Chem. & Ind., 795 (1935). The Windaus structures are 
corroborated by refractometric studies by von Auwers, K., [Annaien, 533, 255 (1938)1, as well as by 
other recent work of Heilbron, 1. M., Kennedy, T., Spring, F. S., and Swam, G., [J. Chem. Soc., 869 

(W38)], 

Sec also Heilbron, I. M.. Jones, R. N., Samant, K M., and Spiing, F. S.. J. Chem. Sac, 905 
(1936); Windaus, A., and Grundmann, W., Annalen, 524, 295 (1936); von Rcichel, S., and Deppe, M., 
Z. physiol. Chem., 239, 343 (1936). 

M«Bus»c, R.. Z. physiol. Chem., 214, 211 (1933); Mdller, M., Ibid., 233. 223 (1935). 

M., 2 . physiol. Chem., 233, 223 (1935). 
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m ergosterol, 22-dihydroergostcrol, 7-ddiydrocholesterol and 7*dchydrositosterol. 
Pyrocalciferol and isopyrocakiferol differ from ergosterol and lumisterol in having 
a different steric arrangement at C®. The irradiation of the pyro- compcmnds 
converts die conjugated system into a system of isolated double bonds, which 
may again be converted by heat into the original conjugated system. No steric 
rearrangement occurs at Ci©. Instead, a double linkage is shifted from ring 
B to ring A, 

Fuchs and van Niekerk^^^ observed that crystalline D 2 kept in air in dark- 
ness undergoes some changes involving the development of a yellow color and the 
loss of ultraviolet absorption. Little is yet known regarding the structure of 
suprasterol II or of the substance 248 (toxisterol). The structures of the various 
irradiation products are summarized by the following formulas: 





The positions of the double bonds in tachysterol are perhaps still uncertain. If 
the conversion of this to vitamin D 2 is as indicated, it is conceivable that the 
absorption of light by tachysterol involves the liberation of atomic hydrogen 
which later adds on again at position 9. It would be interesting to learn whether 
its presence could be detected during the photochemical process by the aid of the 
para hydrogen conversion. Grundmann gives evidence for proposing that the 
double bonds in tachysterol should be placed as shown rather than in the positions 

1,10; 5,6 and 7,8.i« 

Recently, attention has been paid to the effects of irradiation on the surface 
pressures and surface potentials of unimolecular 61ms of ergosterol.^^® The 
evidence indicates a change in the shape of the molecules as the irradiation pro- 
ceeds. The results were attained before the structures indicated above had been 
detei niined and they have not been correlated with them as yet. 

There has not as yet been achieved a direct synthesis of D 2 . Natelson and 
Gottfried, however, have synthesized 4-^-phenylethyIindane, the structure pro- 
posed for the calciferol nucleus. 

^^Fuch«, L., and van Nickerk, J., Biochem, Z., 277, 32 (1935). 

Grttndmann, W., Z. physiol, Chom., 252, 151 (1938). 

Fosbinder, R, J., Proc, Roy. Soc. 139A, 93 (1933) ; Danelli, J. F., and Adam, N. K., Biochem, 

28, 1583 (1934). 

Natelson, S., and Gottfried, S. P., J. Am, Chem, Soc., 58, 1432 (1936). 
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The activation energy of the conversion of ergosterol into Dg has recently 
been calculated from quantum mechanical considerations.^^® 

The activation energy sets the long wave-length limit for the conversion. If 
there is merely the breaking of a C~H linkage on followed by a migration 
of the hydrogen atom to the carbon in position 9, the activation energy is 92.3 
kcal. which agrees well with the usually accepted long wave-length limit of 
about 3 100 A. The authors considered many other mechanisms and found the one 
involving the least energy of activation to require 72 kcal. which would place 
the long wave-length threshold at about 39S0A. The suggested mechanism does 
not take into account the stereochemical change involved in the formation of 
lumistcrol. It may be that this requires a somewhat greater energy of activation 
and sets the observed wave-length limit. 

That a longer threshold than 3100A has not been experimentally observed may be 
due to the failure of ergosterol to absorb the longer wave-lengths. If this is the 
case and the mechanism postulated by Sherman is the actual one, it might be pos- 
sible to effect the conversion in a sensitized process. There have been a number 
of observations of photochemical changes in ergosterol occurring in the presence 
of eosin and other sensitizers. The reactions observed, however, have been of 
an entirely different character.^ The reaction is a photooxidation, in which 
ergosterol peroxide is produced. The reaction is inhibited by potassium cyanide. 
Under similar conditions, ergostciyd acetate also yields a peroxide. The per- 
oxides are biologically inactive. In the absence of oxygen, white light in the 
pre.sence of a sensitizer causes a dehydrogenation of the sterol, and there results 
a sparingly soluble substance, CjjftHggOo, known as crgopinacol, which is biologi- 
cally inert. The study of these substances played a part in the development of the 
structural formula for ergosterol. Rygh found that in the presence of eosin, 
sunlight causes a rearrangement of ergotetraene, melting at 97°C. to an 
isomeric form, of slighty lower optical rotation. No peroxide was formed 
even in the presence of air. Windaus and Lange r found that an alcoholic 
solution of 22-dihydroergosteryI acetate may be oxidized in the presence of 
eosin by a 500-watt lamp to a peroxide. The free 22-dihyclroergosterol itself 
behaves similarly. Dimroth akso has shown that, in alcohol, dchydrolumisterol 
acetate reacts with eosin in sunlight to give a so-called pinacol, but that lurni sterol 
and pyrocalciferol do not behave in this way. Dehydroergosterol acetate and 
isopyrocalciferol yield the same pinacol when treated in this manner. It differs 
from that obtained from dchydrolumisterol. 

According ^ to Montignie sunlight does not influence the reactions of 
cholesterol with uranyl nitrate, silver nitrate, mercury oxide, iodoform or 
mercuric iodide. 

Other Antirachitic Compounds 


Windaus and Langer made the important observation that ergosterol in 
which the double bond in the side chain has been saturated, i.c., 22-dihydroergos- 

^<»Owen, J. R., and Sherman, A., /. Am, Chem. Soc , 59, 763 (1937) 

Borgeaud, P. and Brunken, J., Nachr Ges. Wiss. Gottimfen, Math, Physik KL, .113 
Brunken, J., Annden 460, 225 (1928); Windaus, A., and ttorgeati^, P., 
Annalen, 460, 235 (1928); compare Meyer, K., /. Bid, Chem., 103, 607 (1933). 

JMRygh, 0., Z. physiol. Chem., 185, 99 (1929). 

A., and Langer, R„ Annalen, 508, 105 (1933). 

Dimroth. K., Ber., 69B, 1123, 1631 (1936). 

““Windaus, A„ and Dimroth, K., Ber., 70B, 376 (1937). 

“4 Montignie, E., Bull. Soc. Chim., 1, 290 (1934); Chem. Abs., 28, 5466 (1934). 

^ ““Windaus, A., and Langer, R., Annalen, 508, 105 (1933). 
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t^srol, caa abo functioa as a provitamin, al^ough the antirachitic activity of the 
irradiation product is but one-thirtieth that of D^. This means that the double 
bond in the side chain does not play a part in the sequence of irradiation^ 
changes in the case of ergosteroL This observation was made before *the 
evidence presented in the preceding discussion of the mechanism of the forma- 
tion of It led to the suggestion that it might be possible to prepare an 

antirachitic substance from cholesterol could there first be introduced into the 
molecule a double bond in position 7, 8, thus rendering the molecule analogous 
to that of ergosterol in the features essential to the conversion. This was 
accomplished by Windaus, Lettre and Schenck,^®'^ who succeeded in pr^aring 
the benzoate of 7‘“dehydrocholesteroL The product of its irradiation even in a 
crude form had a high antirachitic potency, approximately half tliat of the 
product from ergosterol. This work provided a justification of the objections that 
had been raised by a relatively few earlier workers to the almost universally accepted 
view that ergosterol was the precursor of the vitamin D. 

Jendrassik and Kemenyffi^^ had been of the opinion tliat a removal of the 
provitamin from a diolesterol preparation destroys an equilibrium between cholesterol 
and a provitamin leading to the conversion of more cholesterol into provitamin. They 
had no conception of the nature of the provitamin but suggested that it might be 
ergosterol. Bills, Honeywell and MacNair^®® maintained that samples of cholesterol 
contained traces of an activatable substance other tlian ergosterol, a view not shared 
by Kon, Daniels and Steenbock.*®*’ Koch, Koch and Ragins^"^ asserted that even purified 
diolesterol could to a slight extent be activated and tliat it might be made more 
activatable by heating it slightly above the melting point. Koch, Koch and Lemon ^ 
concluded from spectrographic studies that ordinary cholesterol contains only about one- 
thousandth part of ergosteroP®^ but was more capable of activation than could be 
accounted for by this ergosterol, so that some other activatable substance must be 
present. At the time, these views attracted relatively little attention. Yoder has 
recently called attention to a chemical method of obtaining antirachitic material from 
cholesterol by means of sulfur trioxide and acetic anhydride. DeCaro^*^ claimed the 
non-saponifiable fraction of lanolin acquires antirachitic properties on irradiation. 
Gustavson found that the extraction of irradiated cholesterol with liquid ammonia 
gave a yellow resinous material a quarter of a milligram of which gave complete pro- 
tection against rickets when incorporated in the McCollum rachitic diet. 

The brilliant results of the ergosterol investigations diverted attention from 
cholesterol and it came to be rather generally believed that D 2 was identical 
with the vitamin from natural sources. This view was maintained until an inter- 
esting difference in the response of rachitic animals of different species to the 
action of the antirachitic vitamin from various sources showed the non-identity of 
Dy with the natural vitamin of cod-liver oil.^^^ Hess and Supplee observed 
that chickens are regularly protected against leg weakness by the addition of 

product has recently been isolated through the nitrobenzoate as crystalline D 4 ., Wmdaus, A., 
and Trautmann, G., Z. physiol. Ckem., 247, 185 (1937), 
w Wmdaus, A., Lettre, H , and Schenck, F., Annalen, 520, 98 (193 5). 

^ 8 * Jendrassik, A., and Kemenyfh, A. G., Biochem. Z , 189, 180 (1927); 201, 269 (1928). 

Bills, C. E., Honeywell, E. M., and MacNair, W. A., /. Biol. Chem., 76, 251 (1928). 

Kon, S. K., Daniels, F., and Steenbock, H., J. Am. Chem. Soc., 50, 2573 (1928). 

Koch. F. C., Koch, E. M., and Kagins, I. K.. /. Btol. Ch-cm., 85, 141 (1929). 
i«2Koch, F. C., Koch, E. M„ and Lemon, H. B., J. Bwl. Chem., 85, 159 (1929). 
loan Actnally 7-dehydrocholc.stero1 has a .siniilai absorption spectrum. 

Yoder, L.. .7. Biol. Chem., 116, 71 (1936); Eck, J. ('., Thomas. B. H., and Yoder, L, Ibid., 117, 
655 (1937); Eck, J, C*. and Thomas, B. H., Ihtd., 119, 621 (1937) 

Caro, M., Boll. soc. Ual. bwl. sper., 7, 1097 (1932); Chem. Abs . 27, 1035 (1933). 

Gustavson, R. G., J. Colorado4Vyoming Acad. Set, 1, 23 (1929); Chem Abs., 26, 3 5 47 (1932). 
iflwjThis work was reviewed by Holmes, A. T>., Nettf England J. Med., 204, 211 (1931); Chan. Abs.. 
26, 179 (1932). 

Hess, A, F„ and Supplee, G. C., Proc. Soc. Exptt. Biol., Med., 27, 609 (1930). 
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1 per cent of cod-liver oil to their rations. A supplement of irradiated ergosterol 
equivalent ah rat experiments to many times this amount of vitamin D failed, 
hwever, to afford protection. In experiments on White Leghorns, Massengak 
and Nussmeier^®® found it necessary to administer a quantity of irradiated 
ergosterol equivalent by rat assay to 200 per cent of cod-liver oil in order to 
produce the effects which could be produced by a 2-per cent (by rat assay) 
addition of cod-Hver oil Similar results were reported by Mussehl and Adcer- 
son.^®® In the many subsequent confirmatory observations, which need not 
be discussed in detail, it was suggested by some that the presence of vitamin A 
in the cod-liver oil might by a synergistic action account for the greater effective- 
ness of the natural over the artificial vitamin.^'’'® This, however, was shown 
not to be the case by Russell and Klein, and the opinion that the vitamin of 
cod-liver oil is different from the artificial vitamin was shared by Bills.^'^^ 
Thus there appeared to be two forms of the vitamin (but this number has since 
been increased). Amounts of the two that were equally effective for the rat were 
not equally effective for the chicken, far less of the natural than of the 
artificial vitamin being required for that species.^^® 

The human seems intermediate between the chick and the rat in its response. 
Hess, Lewis and Rivkin^^^ found that about three rat units of an ergosterol 
preparation are clinically equivalent to one rat unit of cod-liver oil.^^® Drake/'^^’* 
however, has found no essential difference in their effects on infants. 

Products Related to Cholesterol as Precursors of the Natural D. 

Waddell as a result of extensive studies directed toward an explanation of 
the great effectiveness of direct irradiation of the chick in comparison with the 
effectiveness of irradiated ergosterol, suggested either that the course of the 
irradiation changes of ergosterol within the skin is different from that in vitro 
or that the precursor in the skin is not ergosterol. To decide this question, 
he irradiated crude cholesterol in order to study any products which might be 
formed in the skin by natural contaminants of cholesterol. It was found 
that the irradiated crude cholesterol gave better protection against leg weakness 
iu chicks than did irradiated ergosterol, rat unit for rat unit. The idea that this 
might be ascribed to an improved absorption of ergosterol in the presence of 


Massengale, O. N,, and Nussmeier, M., J, Biol, Chem., 87, 423 (1930). 

F. E., and Ackerson, C. W., Potatry Set., 9, 334 (1930); Chem. Abs., 26, 2221 (1932). 

for example, Dalmer, O., von Werdcr, F., and Moll, T., Z. physiol. Chem., 224, 86 (1934). 

itiRuwell. W. C, and Klein, D„ Poultry Sci., 10, 269 (1930); Ckem. Abs., 26, 2222 (1932). 

IT* Bills, C. E., Phystol. Rev., 15, 1 (1935). The vitamin from irradiated choJesterol seems as 
elective as that from cod-hver oil for laying: bird.s. Bcthke, R. M., Record, P. R., Wilder, O. H. M., 
and Kcnnard, D, C., Poultry Sci., 16, 438 (1937); Chem. Abs., 32, 980 (1938). 

Other papers relating to these species differences: Russell, W. C., Taylor, M. W., and Wil- 
cox, D. E., J. Btol. them., 107, 736 (1934) ; Dola, M.. JV Conor, intern, tech. chim. ind. agr. Brux- 
elles, 1, IC (1935); Chem. Abs., 30, 5267 (1936); Supplee, G. C*. Flanigan, G. E., Kahlenberg, O. J., 

and Hess, A. F., J. Biol. Chem., 91, 773 (1931); Steenbock, H., Kletzien, S., and Halpin, j. G., Ihtd., 
91, 249 (1932); Tully, W. C., Hauge, S. M., Carnck, C. W., and RoWts, R, E., Poultry Set., 10, 
310 (1931); Hunter, J. E., Butcher, R. A., and Knandel, H. C., Ibid., U, 239 (1932); Branton, H. I)., 
and Smith, J. B., Ibid., 11, 261 (1932); Chem. Abs., 27, 1032 (1933); King, E. j., Hull, H., and 
Hall, G. E., Poultry Sci., 12, 129 (1933); Chem. Abs., 27, 3504 (1933); BeVaney, G. M., Mun- 
Bcll, H., and Titus, H. W., Poultry Sci., 12, 215 (1933); them. Abs., 27. 5380 (1933); Halvorson, 
H. A., and Lachat, L. L., J. Assoc. Official Agr. Chem., 19, 598, 628, 637, 647 (1936). 

Hess, A. F., l-cwis, J. M., and Rivkin, H., /. Am. Med. Assoc., 94. 1885 (1930); Hess, A. F., 
and Lewis. J. M., Ibid., 99. 647 (1932); 101, 181 (1933). Contra. Bacharach, A. L., Food, 6, 180 
(1937); Chem. Abs., 31, 5415 (1937). 


3.78 also Barnes, B. Brady, M. J., and James, E. M.. Am. J. Diseases of Children, 39, 45 
(1930); Prather, E. O., Nelson, M., and Bliss, A. R., Jr., Ibid., 42, 52 (1931). 
twa Drake, T. G. H., Am. I. Diseases of Children, 53, 754 (1937). 
tw Waddell, J.. /. Biol. Chem., lOS, 711 (1934). 
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large amounts of cholesterol was excluded by subsequent experiments. When 
the cholesterol had been purified by refluxing half an hour with hot ethanol 
containing potassium hydroxide followed by treatment, with charcoal, similar 
good results were obtained. Repeated irradiations oi cholesterol with removal 
of the activated product gradually exhausted the activatability of the cholesterol, 
indicating that it was not the cholesterol itself which was the provitamin. 
When ergosterol was irradiated in the presence of purified cholesterol the 
vitamin produced was no more effective than that resulting from the irradia- 
tion of the ergosterol alone. These experiments were important in indicating 
that there is in crude cholesterol a provitamin other than ergosterol which is 
capable of yielding a vitamin more potent to chicks than that obtainable from 
ergosterol 

In crude ergosterol no provitamin other than ergosterol itself could be 
detected by Bills, Massengale, McDonald and Wirick,^**^^ in analogous experiments. 

Further evidence, now known to have been erroneous, also stimulated the 
investigation of the non-identity of the vitamin in cod liver oil with that of 
irradiated ergosterol. Rygh concentrated the vitamin from cod liver oil 
about 20,000 times and concluded the active product to show no absorption 
maximum between 2600 and 2700A. Various other properties also differed 
from those of D 2 , which led him to conclude them to be different substances. 
Ender reached similar conclusions from ultraviolet absorption studies of a 
concentrate from tuna fish liver oil. 

The provitamin of crude cholesterol is destroyed during a purification 
through the dibromide. The provitamin content of the purified material may 
then be increased by heat treatment, according to Hathaway and Lobb.^®^ This 
confirmed an earlier observation of Hathaway and Koch who used a tempera- 
ture of 200“ C. At 300“C., however, the provitamin is materially destroyed within 
four hours. The provitamin was formed in the cholesterol fractions which 
were the most difficultly soluble in alcohol. There was no evidence of the 
formation of any ergosterol during the heat treatment and the vitamin produced 
on irradiation was in its effects on the chick more similar to the natural 
liver oil vitamin than that obtained by the irradiation of ergosterol. Absorption 
bands in the heated purified cholesterol were observed by Haman and Steen- 
bock,^®2 who also showed that the provitamin is one which yield a vitamin 
similar to that of the fish oils. They also observed that irradiated plant oils 
were less effective for chicks than irradiated animal fats, thus aiding in 
focusing attention upon a derivative of cholesterol as the natural provitamin. 

By use of adsorption methods applied to a sample of cholesterol as acetate 
which contained 4.5 per cent of the new provitamin, Boer, Reerink, Van Wijk and 
van Niekerk^®^ succeeded in isolating the provitamin, first as acetate and after 
saponification, as the free sterol. It was possible to show its identity with 7- 
dchydrocholesterol, both by a comparison of the properties of the samples, and 
by their biological activity after irradiation. By the use of similar chromato- 

iTT Bills, C. E., Maasenfralc, O. N., and Wirick, A. M.. 7. Biol. Chem., 108, 323 (1935). 

iwRygh, O., Nature, 138, 396 (1935). 

Ender, F., Z. Viiaminforschung, 2, 241 (1933); 3, 161 (1934); Ckrm. Ahs., 26, 4103, 7422 (1934). 

“0 Hathaway. M. L., and Lobb, D. E„ 7. Bioi Chem,, 113, 105 (1936). 

MW Hathaway, M. L., and Koch, F. C.. 7. Biol, Chem., 108, 773 (1935). 

Mffl Haman, R. W.. and Steenbock. H., 7. Biol, CW, 114, 505 (1936); see also Roffo. A. H.. Cal- 
ffano, O., and Roffo, A. E., Jr., Bull. Soc. Chim. Biot., 17, 203 (1935). 

^ Boer. A. G., Reerink, E. H.. van Wijk, A., and van Nickerk, J., Proc, Acud. Sci. Amsterdam, 
39, 622 (i936); Chem. Abs., 30, 5635 (1936). 



816 


THB CHBMtCAL ACTION OF UtTRAVIOLBT RAYS 


graphic rn^tbods^ Brockmann isolated the natural vitamin from tuna fish liver 
oils and frc!>m halibut liver oil.^*® 

Windaus, Schenck and van Werder^^® showed that irradiation of 7-dehydro- 
cholesterol in benzene with a magnesium spark gave a product of high antira- 
chitic activity. Tachysterol-3 is first formed. The crude irradiation product 
was purified through the crystalline dinitrobenzoate and allophanate. These 
derivatives on saponification yielded the vitamin in the form of a non -crystallizing 
oil with an absorption maximum at 2650A, similar to that of D2. The new mate- 
rial was called D3. It was subsequently obtained in crystalline form by 
Schenck.^®*^ It melts at 82-4‘^C. and has [ce]|^= -1-83.3®. It will be noted that 
7-dehydrocholesterol has the same disposition of double bonds in the ring B 
as has ergosterol and the vitamin produced by irradiation differs from D2 only 
in the side-chain, the double bond at positions 22 to 23 and the methyl group at 
carbon 24 of D2 being lacking in D3. As first prepared, the rat potency of D3 
appeared somewhat lower than that of D2, 30x10® I.U. per gram as compared 
with 40x10®.^®® Subsequently, however, Brockmann and Busse^®® found Dg 
crystals from tuna fish liver to have 40,000 I.U. per mg. 

Irradiation of 7-dehydrocholesterol with wave-lengths longer than 2800A 
gives lumisterol-3 which probably differs from lumisterol only in the steric 
arrangement of groups at carbon atom 10. 

The contaminant of cholesterol obtained from spinal cords was found to be 
7-dehydrocholesterol or some similar derivative with two double bonds in ring 
B by Koch and Koch.^®® They believed, however, that the provitamin in 
heated cholesterol is some quite different material which does not have these 
double bonds. This material might be present in crude cholesterol, since it was 
possible to eliminate the impurity with the characteristic absorption spectrum from 
spinal cord cholesterol and still have a product so potent that, after irradiation, 
0.1 to 3.0 mg. equals one rat unit. It was pointed out that the antirachitic 
potency which can be attained by a provitamin is conditioned not only by the 
two double bonds in ring B but also by the nature of the side-chain. 

The provitamin of pig skin is 7-dehydrocholesterol according to Windaus and 
Bock,^®^ who isolated it as dinitrobenzoate. That of egg yolk sterols is 
ergosterol.^®2 jg possible that there is no ergosterol in skin, since its past 
identification had been based solely upon the absorption spectrum, which is similar 
to that of 7-dehydrocholesterol. 

An analogous compound, 7-dehydrositosterol, prepared by Wunderlich,^®® 
was found capable of yielding an antirachitic substance on irradiation, but its 
potency was forty times less than that of D2. The dehydrositosterol also under- 
goes the photosensitized conversion to a pinacol type of bimolecular compound. 

Brockmann, II., Z. phystal. Chem., 241, 104 (1936), 

^Brockmann, H., Z. physiol. Chem., 245. 96 (1937). See also Haalcwood, G., and Drummond, J. C., 
Chemistry amd Industry, 598 (1936): Simonds, E., and Zucker, T., /. Am. Chem. Soc., 58, 2655 (1936) ; 
Neracher, O., and Reichstein, T., Nelr/. Ckim. Acta, 19, 1382 (1936). Two or more forms of vitamin 

may eacist in fish oils, according to Bills, C. K, Massengale, O. N , Imboden, M., and Hall, H., 

/. Nutrition, 13, 435 (1937); Hickman, K. C. D., and Gray, E. LeB., Ind Eng. Chem., 30, 796 (1938). 

^Windaus, A., Schenck, F., and von Werdcr, F., Z. physiol. Chem., 241, 100 (1936); Windaus, A., 
Deppo, M., and Wunderlich, W., Annalen, 533, 118 (1957). 

^Schenck, F., Naturwtss., 25, 159 (1937). Ds is said to be twice as active as D* on infants by 
Brockmann, H., Klin. Wochschr., 16, 1383 (1937), 

^Zticker, T. F., Simona, E. J., Colman, H. C., and Demarcst, B., Naturwiss., 26, 11 (1938). 

Brockmann, H., and Busse, A., Naturwiss., 26, 122 (1938). See also Ramp, D. G., and Mar- 
shall, 1. H., J. Nutrition, 15, 525 (1938). 
i«oKoch, E. M., and Koch, F. C., /. Biol. Chem., 116, 757 (1936). 

Windaus, A., and Bock. F., Z. physiol. Chem., 245, 168 (1936). 

Windaus, A., and Stange, O., Z. physiol Chem., 244, 218 (1936). 

Wunderlich. W., Z. physiol. Chem., 241, 116 (1936). 
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Urtishibara and Aado^^ described the phbtochemical dehydrogenation of an 
alcoholic solution of 7-dehydrocholesterol by sunlight in the presence of eosin. 
After a week there were obtained flocculent needles considered to be, in analogy 
with the behavior of ergosterol, 7-debydrocholestenopinacone. 

A search has been made for other provitamins. Weinhouse and Kharash"* 
irradiated a series of tertiary alcohols or their dehydration products obtained by the 
action of various Grijg^rd reagents on 7«ketocholestcryl acetate. The only one 
which showed slight antirachitic activity when irradiated was 7-iBobutylidenecholesteroh 
Uraki^ observed that irradiation of a-cholatrienic acid in chloroform for nine hours 
changed the specific rotation from —22.63° to -1-2.4°. The product was a non- 
crystallizing resin which could be hydrogenated to cholanic acid. The jS-choladienic 
acid from desoxycholic acid was not altered by ultraviolet rays. It appeared that 
the point of attack in cholatrienic acid was the B ring, a shifting of the double Iwnd 
occurring. Kil^zawa***' reported the irradiated methyl of-cholate to have a slight 
antirachitic action. The P- derivative had less. 

Ry^^ recently found evidence for tlie occurrence in butter and ether extracts of 
hay and beef liver of an antirachitic substance which differed from other antitrachitic 
vitamins in occurring to a larger extent in the saponifiable than in the unsaponifiable 
fraction. Kon and Booth observed that the saponification of butter caused a loss 
of 80 per cent of its antirachitic potency. 

The sterols from cacao-bean butter (theosterols) can be made antirachitic by 
irradiation.^ 

A recent review of the relative potencies for the rat and the chick of the 
antirachitic substances produced, chemically, by irradiation, or occur ing in 

natural sources (particularly the fish liver oils of different species), has been 
given by Bills.^^^ Grab concluded the crystalline product from irradiated 7-de- 
hydrocholesterol to be equivalent in its effects on the rat and the chick to a 

crystalline product isolated from tuna-liver oil. This material he called D^. 

The difference of a methyl group between irradiated 7-dehydrocholesterol and 
irradiated 22-dihydroergosterol resulted in but little difference in physiological 
activity. Sterols with 29 carbon atoms are scarcely to be considered natural 
provitamins since the activities of 7-dehydrositosterol and Z-dehydtosligmasterol 
were very low. Do is somewhat less potent on the rat and considerably less 
potent on the chick than Dg. 

Colorimetric methods arc of limited use for the assay of vitamin D^. 

These are based upon the spectrophotometric measurement of the intensity of an 
absorption band at 5000 A produced by the addition of antimony trichloride or of 
one produced by aluminum chloride.^^*^ A color test with sodium selenite is given 

Urushibaia, Y., and Ando, T., Bull. Chem. Soc. Japan, 11, 802 (1936); 12, 495 (1937); Chem. 

Abs., 31, 2100 (1937). For similar work on 2,4-choIestadicnQ, see Skau, E. L., and Bergmann, W., 
/. Am. Chem. Soc.^ 60, 986 (1938); Butenandt, A., and Kudssus, H., Z. physxol. Chem., 253, 1, 224 
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Labbe, H., de Balsac, F., and Lerat, R,, Bull. soc. therap., 35, 71 (1930); Chem, Abs., 24, 
982 (1930); 25, 729 (1931); Knapp, A. W., and Coward, K. H., Biochem. J., 29, 2728, (1935), 

Bills, C. E., Cold Spring Harbor Symposia Quant. Biol., 3, 328 (1935) ; J. Am. Med. Assoc., 108, 

13 (1937), Cf. also Hume, E. M., Nutrition Abstracts and Rcxmcws, 6, 891 (1937); von Wendt, 0., 
Voprosy Pitaniya, 5, No. 4, 31 (1936); Chem. Abs., 31, 2659 (1937). 

««Grab. W., Z. physiol. Chem., 243, 63 (1936). 

** Brockmann, and Chen, Y. H,, Z. physiol. Chem., 241, 129 (1936); Emmcrie, A., and van 
Eekplen, M., Acta Brevia, Neerland. Physiol., Pharmakol. Microbiol., &, No. 9-10, 133 (1936): Chem. 
Abs., 31, 1448 (1937); HaJden, W., and Tzoni, H., Nature, 137, 909 (1936); Naturttdss., 24, 296 
0 936); Tzoni, H., Biochem. Z., 287, 18 (1936); Bruckner, J., Biochem. Z., 270, 346 (1934); Wait, R., 
Pharm. Zeniralhalle, 78, 237 (1937). 
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% t>2 btit not by diolcst^rol before or after irradiation*^^ Biological assay 
methods, however, have been employed most frequently in the development of 
our knowledge of these substances. Their discussion, as well as that of the effects 
of the sterol irradiation products on the mineral metabolism, lies beyond the scope 
of this work. 

Physiological Effects. In general, the administration of pure irradiation 
products leads to the effects on blood calcium and phosphorus and on bone 
calcification that result on general irradiation of the experimental animal. It would 
add but little to recount the many earlier experiments in which indefinite irradia- 
tion products, frequently contaminated with either inert or with predominantly 
toxic products, had been used.^*^® 

Robinson and Rosenheim found vitamin D to exert no demonstrable action on 
the calcification or decalcification of bone slices in vitro, but Venar and Todd^ report 
that the extent and density of mineralization of bone fragments from rachitic mice 
may be increased by the addition of small amounts of an aqueous emulsion of irradiated 
ergosterql to the calcifying medium in which the bones are immersed. Similar effects 
may be attained by the use of cod-liver oil or by irradiating the cultures by a 
sunlamp.*^* 

Harris believes the vitamin to function by increasing the net absorption of 
calcium and phosphates from the intestine, thus tending to raise tlie level of the blood 
calcium or phosphate. The latter rise automatically brings about increased calcification 
in sites provided with the bone-calcifying enzyme, phosphatase. Hottinger^** sug- 
gested that it renders innocuous some inhibitor of calcium assimilation, possibly an 
enzyme capable of decomposing glycerophosphates or hexosephosphates. Taylor and 
Weld*^ were of the opinion that, at least in young dogs, there is no evidence that irradi- 
ated ergO$terol increases calcium absorption; indeed they state that even small doses 
increasst the excretion of calcium. 

One sijeculation as to the mechanism by wliich the vitamin functions regards it as 
liberating inorganic phosphorus from tlie lipins of the body, a deficiency of inorganic 
phosphate being regarded as the essential cause of rickets.®* Nicolaysen®* finds that in 
rachitic rats, inorganic phosphorus is reduced in the muscles, liver and kidneys. Mas- 
sive doses of the vitamin increased it to normal, but therapeutic doses caused only a 
slight tnerease of the inorganic phosphorus of the kidney.®^ In D deficient rats, 
the percentage of inorganic phosphorus in the red blood cells is reduced, but that of 
easily hydrolyzable phosphoric esters is increased.®® Warkany®* observed that rabbits 
which usually excrete no phosphates, eliminate large quantities in the urine within 48 
hours after the administration of 30 to 100 mg. of irradiated ergosterol in their food. 

In artificial cultures of the skeletal tissues of the embryo chick, phosphatase 

»>*L©vin«, V. E., and McKay, F. M., Proc. Soc. Exp. Biol, Med,, 33, 546 (1936), 

See l.;aumis, H., “The Physioloffical Effects of Radiations.” New York, The Chemical C'atalojf Co., 
Tnc„ (Reinhold Publishing Corp.) 1933. For more recent studies, Crimm, P. D., Strayer, J W., Watson, 
H. L., and Heimann, G., Am. Rev. Tuberc,, 202 (1933); Chem. Abs., 28, 806 (1934); Morgan, 
A. F„ Garrison, E. A., Householder, H., Hansen, A M., Seherger, M. V., Watenpaugh, T. T., 
Felsher, A,, and L^ng, N. L., Umv. California Pub. Physiol., 8, 61 (1934); Chem. Abs, 28, 731*; 
(1934); Freeman, S., Am. f. Physiol., 115, 701 (1936); Johnson, R. M., J. Clin. Investigation, 16, 
223 (1937). 

»» Robison, R, and Ro.senheim, A. IT., Biochem. J., 28, 684 (1934). 

Jxw Venar, Y., and Todd, T. W., J Lab Clin. Med.. 22, 221 (1936); sec also Dejust, L. H, Rev. 
aciinologie physiotherap,, 6, 1 (1931); Chem. Abs., 26, 2792 (1932). 

“BYoshitomi, M., J. Biochem. Japan, 21, 37 (1935); Chem. Abs., 29, 2 590 (1935). 

Harris, t., Lancet, I, 1031 (1932); Chem. Abs. 27, 2187 (1933). 

Hettinger, A., Naturwiss., 16, 484 (1928). 

Taylor, N. B., and Weld, C. B., Trans. Roy. Soc. Canada, 26, 9 (1932); Chem. Abs., 27, 1922 
(1933). 

McGowan, J. P,. Cttnmngham. T, J., and Auchinachic, D. W., Biochem. J., 25, 1295 (1931); 
McGfowan, J, P., Ibid., 27, 943 (1933). 

Nicolaysen, R., Biochem J., 30, 1329 (1936); see also Biochcfn. J., 31, 101, 105. 107, 122. 328 
(1937). 

*** See al.so Jones, J. H., and Cohn, B. N, E., /. Nutrition. 11. 293 (1936); Duffau, R,. {Compt rend 
soc. biol., 124, 1194 (1937)3 finds an inciease of about 10% m the orthophosphates of muscles in rickets. 

«»Von Euler, H., and Brandt, K., Z. physiol, Chem,, 240, 215 (1936). 

»«Warkany, J., Klin. Wochschr., 9, 2152 (1930); Chem. Abs., 25. 1877 (1931), 
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a|>{>ear« Heymaim*^ found that under the in0uence of irradiated ergosteroL 

l»ho$phata»e activity in vitro is unchanged, but ultraviolet irradiation caused 
inhiWtion of the enzyme in about 40 per cent of the tests* The enzyme is 
greatly increased in chicks with rickets.**® In laying hetis there is a high range of 
variation of the serum phosphatase which is not reduced by the administration of 
irradiated ergosterol. Plasma phosphatase is increased in rachitic children less than 
two years of age. Its continued rise may be prevented by the use of vitamin D**“ 

Morelle*®^ studied the healing of experimental fractures in three groups 
receiving respectively 1, 10, and 2 to 4 mg. of irradiated ergosterol per day. iSPcts 
were apparent before the twentieth day, but after that time the fracture IWal'^^ere 
invisible in those receiving the medium dose, although they were still ujH^ent in 
controls. After the thirtieth day, there was a dense callus in the treated a^^als And 
in the controls the disappearance of the fracture line had just begun. Heavy doses 
caused abnormally dense and exuberant callus formation. The conclusion of Grauer*** 
from similar experiments was that therapeutic doses stimulate the osteogenic layer and 
favor repair. Overdoses stimulate the fibrous layer of the periosteum by decalcification 
of bones and retard repair. Fischer and Key,"* however, are of the opinion that the 
addition of either calcium or vitamin D to foe diet does not lessen the local atrophy 
of disuse or accelerate the union of bones. 

Although some have expressed the view that the vitamin acts by stimulating the 
parathyroids, this is by no means generally conceded.*" Cornel"* believed that after 
removal of the parathyroids life could be maintained indefinitely by giving vitamin D, 
but Lesn6, Dubois and Simonnet*" find that it does not serve as a substitute for 
the hormone."* 

Dosage. As early as 1927, reports of the clinical efficacy of irradiated ergosterol 
began to appear.®^® The use of a preparation of irradiated ergosterol as a com- 
parison standard for the assay of the antirachitic action was described by Coward 
and adopted by the British Pharmaceutical Socicty.^^o potency was such that 
a daily dose of not more than 0.l7 produced complete healing of rickets induced 
in rats under prescribed conditions. The unit of antirachitic potency was then 
defined as the amount of activity contained in 0.1 7 of the standard preparation. 
The standard subsequently adopted by the Medical Research Council was pre- 
pared by freeing the irradiation product from alcohol, and dissolving it in pure 
unadulterated olive oil, the volume being adjusted to make a known concentra- 


«7Croxatiq, H., Compt. rend. soc. hiol., 108, 117 (1931); Chem. Abs., 26, 3009 (1932); sec also 
Fischmann, C, F., Arch, exptl. ZeUforsch., 19, 211 (1937); Chem. Abs., 31, 8618 (1937). 

Hcymann, W., Biochem. Z., 227, 1 (1930); see also Bauer, W., Marble, A., and Claflin, B., 
/. Clin. Investigation, 11, 21, 37, 47 (1932). 

Common, R. H., /. Agr. Scl, 26. 492 (1936); Chem, Abs„ 30, 8327 (1936). 

Steams, G,, and Warweg, E., Am. J. Diseases of Children, 49, 79 (1935); Chem. Abs., 29, 
2581 (1935); Morns, N., Stevenson, M. M., Peden, O, D, and Small, J., Arch. Diseases of Child- 
hood, 12, 45 (1937). Compare earlier negative findings of Fabisch, W., Biochem. Z., 254, 158 (1932); 
Chem. Abs., 27. 525 (1933) and Rossi, A., and De Rienro, A., Boll. soc. ital. biol. sper., 8, 719 (1933); 
Chem. Abs., 29, 2557 (1935). 

*»Morelle. J,, Rev. Beige Set.. 2, 226 (1930); Chem. Abs,. 25, 2463 (1931). 

^Grauer, R. C., Arch, Surgery, 25, 1035 (1932); Chem Abs., 27, 194^6 (1933). 

*» Fischer, F., and Key, J. A., Archiv. Surgery, 29, 3112 (1934); Chem. Abs., 28, 6796 (1934). 

Thomson, D. L., and ColHp, J. B., Physiol. Rev.. 12, 309 (1932). 

^Cornel, M., Arch. Fisiol., 29, 123 (1930); Chem. Abs., 26, 180 (1932). 

“w I^sne, E., Dubois, R., and Simonnet, H., J. Physiol. Path, Ght., 30, 65 (1932); Chem. Abs., 26, 
4876 (1932). 


See also Ponovievu, G., and Nitsescu, T. 1., Z. ges. Exptl, Med., 81, 656 (1932); Chem. Abs.; 27, 
4565 (1933); Asher, D. W., and Jones, J. H., 7. Biol. Chem., 100, 333 (1933); Stacev. R, S., Lancet, 
tl, 656 (1935); Deiitsch, H., Reed, C. I.. and Struck, H. C., Am. /. Physiol., 117, 1 (1936); Brougher, 
T. C.j Ibid, Wf 538 (1928); Morgan, A. F., and Garrison, E. A., 7. Biol. Chem., 81 687 (1930); 
Mathieu, F., Compt. rend. soc. biol., 114, 1375 (1933); Chem. Abs., 28, 1744 (1933); Dale, H. 
Marble, A., and Marks, H. P., Proc. Roy. Soc., IIIB, 522 U932). 


23» Hess, A. F., J. Am. Med. Assoc,, 89. 337 (1927); Schippers, J. C., Nederland. Tijdschr, Geneesk., 
72. 3898 (1928); Chem. Abs., 22, 4154 (1928); Sobel. J., and Cl aman, 1., Arch. Pea., 46, 1 (1929); 
Chem, Abs., 23, 1938 (1929). 

*» Coward. K. H., Quart. J. Pharm., 1, 27 (1928); Chem. Abs., 22, 4154 (1928); Lancet, 11, 
503 (1930). 
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tiotti in terms of the ergfosteroi used. Such solutions retained their activity 
unchang:ed for two years if maintained at or below C'C. 

In practice, cod-liver oil was checked against this standard and adjusted 
to contain a definite concentration of the vitamin in terms of the standard. 
Unfortunately, much confusion arose in regard to the strength of the cod-liver 
oil adopted as comparison, standard. The system of the British Medical Research 
Council called for a cod-liver oil containing 100 units per cc. This was altered 
by the League of Nations to 100 units per gram, the strength adopted in the 
U. Pharmacopoeia in 1934. The Steenbock system used an oil standardised 
to contain 37 units per gram and the Holmes system (employed for a time by the 
American Drug Manufacturers Association) one with 350 units per gram. 
Still other systems liave been ii^ed in other countries.^®^ 

The present vitamin D unit is equivalent to 0.0257 of calciferol. 

Bills^^^ considers that the smallest dase which can be relied on to prevent 
rickets or to heal mild rickets in infants is about 3000 international units (I.U.) 
per day in the form of irradiated ergosterol or 1000 I.U. in the form of cod-liver 
oil. The Council on Pharmacy and Chemistry of the American Medical Associa- 
tion adopted the name Viosterol to designate irradiated ergosterol and Viosterol 
in Oil to designate a preparation containing the substance dissolved in oil. The 
qualifying phrases 100 D, 5 D, etc. were added to the label to indicate the potency 
as a multiple of the potency of good cod-liver oil. 

The successful use of large doses, 10 to 20 drops daily of viosterol, in late 
rickets was described by Shelling and Hopper.^'*^ Spence found calciferol as 
efiFective as cod-liver oil or irradiated ergosterol in human rickets. One cc. of 
a solution containing 3000 units, administered daily, produced a maximum curative 
effect. 

Recently, there has been much discussion as to the effects of variations in the 
calcium and phosphorus of the diet given during the administration of the 
vitamin, but this cannot be considered here.^*'*® 

Toxic Effects. Hypervitaminosis D. About 1928, it became evident that 
irradiated ergosterol preparations may exert toxic effects.^'^^ Particularly 
dangerous properties were ascribed to the imported Vigantol.^®® After the 
administration of large quantities of this material to rats, Herzenberg 
observed a necrosis in the smooth and striated muscles, followed by a deposition 
of calcium in the necrotic areas. The deposition of calcium was observed in the 
heart muscle and in elastic muscle fibers of blood vessel walls but the changes 
were different in character from those of arteriosclerosis. Schoenholz found 
that pregnant rats which had received an overdose (10 mg. of Vigantol per day), 
lost their appetities and became sick. The fetuses w^ere resorbed in utero or aborted. 
The live young were very small and usually died. Calcium deposits were observed 

*»See Bills, C. E., Physiol, Rev., 15, 1 (1935). 

^ Quart. Bull. Health Org. League of Nations, 3, 428 (1934). 

a* Bills, C. E., Physiol. Rev., 15* 1 (1935). 

as/. Am. Med. Assoc,, 93, 693 (1929). 

a* Shelling. D. H., and Hopper, K, B., Am. J. Diseases of Children, 47, 61 (1934). 

a® Spence, J. C., Lancet, 225, 911 (1933); Chem. Abs., 28, 5503 (1934). 

*aSee Brace, H. M., and Callow, R. K.. Bwchem. J., 28, 512 (1934). 

ar War Zinger, S., Klin. Wochschr., 7. 1859 (1928); Chem. Abs., 24, 3042 (1930); Reyhcr, P., and 
Walkoff, E., Mtinrk Med. Wochschr. 75, 1071 (1928): Chem. Abs.. 23, 4728 (1929); Kreitmair. H., 
Milnch. Med. Wochschr., 75, 637 (1928); La*»ch. F., Klin. Wochschr., 7, 2148 (1928). 

«»He8S, A. F., and Lewis, J. M., /. Am. Med, Assoc., 91, 783 (1928). 

as Herzenlwrg, H., Beitr. Path. Anat., 82, 27 (1929); Chem. Abs., 23, 4725 (1929); (Sclerosis in 
Man), Gerlach, W., MUnch. Med. Wochschr., 83, 49 (1936). 

\ »» Schoenholz, L., Klin. Wochschr., 8, 1257 (1929); Chem. Abs.» 24, 890 (1930). 
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in the livers of some of the mothers, A mimber of German workers observed 
involvement of the kidneys. These observations stimulated a great number of 
publications, of which but a few need be cited.®^^ 

A toxic calcification factor was defined as the smallest amount which, 
given daily for a period of ten days, causes a mouse to lose 2,5 gm. in weight 
or to die. Mice receiving larger doses showed calcareous deposits in the kidneys, 
The ratio between the antirachitic rat dose and the mouse calcification factor 
was considered the therapeutic index of an irradiated ergosterol preparation. 

It soon became evident that there were considerable differences between the 
antirachitic and toxic doses of variously iiradiated preparations. With Vigantol, 
the margin of safety was very narrow.^^® The spectrograph ic study of the 
irradiation process sqon made it apparent why this was the case. It was pre- 
pared according to a patent which directed tliat the irradiation be continued 
until spectrographic observations indicated that there had been a maximum 
formation of a substance absorbing chiefly at 2480A. This is, as has been stated 
in a preceding section, now known to be toxi sterol or substance 248, the over- 
irradiation product, Subsequently it has been learned that and even the 
Dg of cod-liver oil arc also toxic in large doses. It is, however, evident that 
the formation of substance 248 should be avoided, since it is not only toxic 
but its formation occurs at the expense of that of the true antirachitic sub- 
stance. The toxicity of calciferol in large doses was demonstrated by Askew, 
Bourdillon, Bruce, Callow, Philpot and Webster and by other research groups. 

At one time, Holtz and Schreiber believed that the true vitamin when 
isolated would prove nontoxic and attempts were made to employ partition between 
immiscible solvents and various chemical procedures for separating the assumed 
toxic and antirachitic fractions. The failure of these attempts and the observa- 
tion that Dj had toxic properties led Windaits, Busse and Weidlich agree 

that the true vitamin possesses toxicity. It was found possible by chemical means 
to destroy the antirachitic activity without lessening the toxicity, but the con- 
verse was not possible. The English workers found that the ratio of the toxic 
dose in mice to the curative dose in rats is about 4000 to 1. The finding that 
D 2 has toxic properties proved that Reiter had been in error in claiming 
that irradiation with wave-lengths longer than 2800A produces a non-toxic 
product It is, of course, true that the use of such long wave-lengths lessens 
the danger of the production of the toxic substance 248 by overirradiation. 
Whether or not tachy sterol itself has toxic properties is not yet known, but its 
thermal decomposition products are highly toxic.^^® 

Bamlierger and Spianger, Deut. Med. IVvchschr , 54, 1116 (1928); Wiskott, A., Munch. Med. 

Wochschr., 75, 1445 (1928), Adam. A., Kltn. H Whschr., 7, 1825 (1928) : Degkwitz, R.. Munch. Med. 

Wochschr., 75, 1631 (1928); Bamnerger, Ph., Deut. Med. Wochschr., K, 399 (1929); Gyorgy, JE*., 
Klin. Wochschr., 8, 684 (1929); Putsenar, W., Z. Ktndcrheilk., 48, 269 (1929); Klausner-Cronhcim, I., 
Deut. Med. Wochschr., 56, 15 66 (1930). 

Holtz, F., Lacquer, F., Krcitmair, H, and Moll, T., Btochem. Z., 237, 247 (1931); Munch. Med. 
Wochschr., 78, 1688 (1931); Chew. Ah'!., 26, 3011 (1932). 

Gottche, O., and Kellner, B., Arch. Ktndcrheilk.. 94, 129 (1931). 
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Proc. Hoy. Soc., 109, 488 (1932); Dale, II H., Maiblc, A., and Marks, H. P., Ihtd., ItlB, 522 (1932); 
Gough, J, Duguid, J. B., and Davies, D. R, Brtt J. Exptl. Path., 14, 137 (1933); Hams, L. 1, 
and Moore, T., Btochem. J., 22, 1461 (1928); Hams, L. J., and Innes, J., Ibid., 25, 367 (1931). 

Holtz, F., and Schreiber, K., Z physiol them., 191, 3 (1930), Windau.s, A., and Auhagen, E., 

Z. physiol. Chew., 196, 108 (1930); m, 167 (1931), 

•wWindaus, A., Busse, P., and Weidlich, G., Z. physiol. Chew., 202, 246 (1931). 

•^‘Laquer, F., Klin. Woch., 10, 1072 (1931); Deut. Med. Wochschr., 57, 243 (1931); Chew. Abs„ 
26, 3010 (1932). 

Reiter, T., Naturwiss., 17, 876 (1929); Kisch, E., and Reiter, T., Deut. med. Wochschr., 56, 
2034 (1930); Chem. Abs., 25, 4918 (1931). 

“WWindaus, A., and Liittringhaus, A., Deut, Med. Wochschr., 58, 1669 (1932). 
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A review of the tmttire of the toadc effects of end of cod4iver oil has been 
given by Agduhir, Blix and VaWquist,®®^ A fatal case in a child has been described 
by Thatchen^®^ Ham and I^wis found that large doses of vitamin D given 
to normal young rats interfered with the processes of bone calcification and 
actually produced rachitic lesions. They suggested that the action may be to 
increase the attraction of the blood for edeium. Baumgartner, King and Page 
found overdoses to produce softening of the skeletal framework of rabbits and a 
low bone phosphatase. The ratio of calcium to phosphorus in the bone is not 
affected according to Kramer, Shear and McKenzie.^®® 

That the hypercalcemia alone is not responsible for the toxic effects, since it is 
compatible with life, is the belief of Taylor, Weld and Sykes.^®® 

It is generally found that the hypercalcemia may be produced even on a low 
calcium diet, some claiming at the expense of the bones.^®*^ 

Daily subcutaneous injections of irradiated crgosterol produce local calcification 
in the subcutaneous tissues, according to von Brand and Holtz. Calcification in 
the kidneys is less than after the oral administration of the same doses.^®® In 
general, after a toxic state with calcium deposition has been reached, the 
discontinuance of the administration of the vitamin leads to a reversal of the 
process and the repair of the lesions.^®® Both human subjects and dogs usually 
survive 20.000 to 30,000 units per kg. per day for indefinite periods. In rats, 
it is agreed by many that 10,000 times the minimum antirachitic dose is not 
lethal and several say not harmful,^®^ Bills and Wirick found 1000 times over- 
dosage to be just perceptibly harmful, 4000 times overdosage to be definitely 
injurious and 40,000 times overdosage strongly toxic. Harris and Moore 
found a 100,000 times overdosage rapidly fatal, and Collazo, Rubino and Varela 
Fuentes*®® found 50,000 times the normal dose fatal within six weeks. Young rats 
and puppies remained normal with doses up to 1000 times the minimal effective 
dose according to Cartland, Speer and Heyl.^®^ 

Affduhr, E., Blix, G., and Vahlquiat, B., Uppsala Ldkdreforcninpen, 39, 304; 40, 183; Chem, Abs., 
29, 8145 (1935); for the pathologic anatomy, J. B., Lancet, 11, 983 (1930); Barr, D P., 

PkysioL Rev,, 12, 593 (1932); Nitzescu, I. I., and Bratiano, S., Contpt. rend, sac, bioL, 121, 1533 (1936). 
Thatcher, L.. Edinburgh Med, 38, 457 (1931); Chetn. Abs., 25, 5446 (1931). 
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see Cowdry, E. V., and Scott, G. H., Arch. Path., 22, 1 (1936). 

SB’Soeur, R., Arch. Int. Med. ExPtl., 6, 365 (1931); Chem. Abs., 25, 4588 (1931); Jones. J. H., 
and Rapopoit, M., /. Biol, them., 93, 153 (1931); Jones, J. H., and Robson, G. M., Jhid., 91, 43 
(1931); Thoenes, F., Jahrhuch Kinderheilk., 126, 348 (1929); Chem. Abs., 26, 501 (1932); Jahrh. 
Kinderheilk., 129, 171 (1930); Jones, j. H., Rapoport, M., and Hodes, H. L., /. Bhl. Chem., 89, 
647 (1930); Wiskmt, A., Z. KinderheUk., 49. 79 (1930); Chem. Abs., 26, 4362 (1932): Kerm R., 
Montgomery, M. E., and Still, E. Um /. Biol. Chem., 93. 36 5 (1931); Cole, V. V., and toch, F. C., 
Ibid., H, 263 (1931); Hess, A. F., Benjamin, H., and Gross, ].,Ibid., 94, 1 (1931/; Pozzi, L., and 
Preto, ±,Biochem. terap. sper., 18, 397 (1932); Chem. Abs., 27, 1667 (1933): Klctzicn, S. W. F., 
Tempjin, V. M., Stcenbock, H., and Thomas, B. H.. J. Biol. Chem., 97, 265 (1932); von Euler, H., 
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s*®von Brand, T., and Holtz, F., Z. physiol. Chem., 195, 241 (1931). 
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In the htiman, no ill effects were noted with 20 to 50 times the ordinary 
doses by Hess, Poncher, Dale and Klein, other than a tendency to constipa- 
tion and colic. In patients with tetany no toxic effects were noted with 300 
times overdosage. Bills believes that in man toxic effects begin to appear 
at 200 times the ordinary dose, that is when 600,000 I.U. of properly irradiated 
ergosterol are given daily over several weeks. Rappaport and Reed gave 3 cc. per 
day of a concentrated solution 10,000 D, and known to contain a million LU. 
per gram, Although this was 2,760,000 LU. or 920 times the ordinary thera- 
peutic dose, no serious poisoning was produced. The largest recorded human 
dose, 6000 times the ordinary dose, produced hypercalcemia, but no pathological 
calcification of tissues. 

Excessive doses of fish-liver oils are less apt to produce hypervitarninosis.^®^ 

Relation to Tuberculosis. Because of the remedial effects of ultraviolet 
irradiation of tuberculous patients, many studies have been made of the effects 
of vitamin D in that disease in order to determine whether its action may account 
for the effects of general irradiation. The calcifying action of the vitamin might 
be expected to be of value in the treatment of the disease.^®*^ Simonnet and 
Tanret found large doses of irradiated ergosterol to cause a notable increase 
in pulmonary calcification in tuberculous rabbits. In chronic tuberculosis the 
evolution of tubercles was checked, Pfannstiel and Scharlau reported some- 
what less favorable results on rabbits primarily infected but found favorable 
results in somewhat immunized rabbits. Meersseman and Tricault^^^ found 
tuberculous guinea pigs given vitamin D to live longer and have less severe 
lesions than the controls. They also reported improvement in eleven human 
patients. Spies and Berryhill sugested a diet high in vitamin D for patients 
with intraperitoneal tuberculosis. Long^'*'^ agreed that viosterol by mouth 
increases calcification in exj)erimental tuberculosis. 

Many of those who obtained negative results did not employ massive doses.®’^*'* 
llauboUl^^^^ even claimed that small doses stimulated the disease in guinea 
pigs. Spies and Walker obtained less distinct results in experimental avian 
than in the bovine tulierculosis. Ponchcr and Gasul drew no conclusions as 
to the effect of moderately large doses in tuberculous children, but believed the 
secondary effects of such therapy unfavorable. Negative results in intestinal 

Hess, H,, Poncher, H, G., Dale, M. L, and Klein, R. I., J. Am Med. Assoc., ^5, 316 (1930). 

Reed, C'. I., and Seed, L., hndorrtnology, 17, 136 (1933); but see Rappaport, B. Z., and Reed, 
C. 1„ J. Am. Med. Assoc , 101, 105 (1933). 

"«’Spic.s, T. D., and Ilan/al, R. P., Froc. Soc Exptl. Btol. Med., 31, 747 (1935). 

“‘’^Morgan, A Kirninel, L., and Hawkins. N. C , Biol. Chem , 120, 85 (1937); Martinelli, A., 
Probl. alimentare, 4, 1 (1934); Ber. ges. Physiol, exptl. PharmakoL, 87, 82; Chem. Abs., 31, 7951 (1937), 

^^The subject has been reviewed by Gudbert, G. D., Med. Bull. Veterans' Admin., 10, 141 (19.34). 
Sec also Kaminsky, J., and Davidson, D., Am. Rev. Tuberc., 22, 48 (1930); Hildebrand, C. J., Ibid. 22, 
53 (1930). 

Simonnet, H, .rnd 1'aniei, G, Compt tend,, 190, 1526 (1930), 

Pfannstiel, W., and Scharlau, B., Bettr. khn. 1 uberk., 73, 351 (1930); Chem Abs., 25, 2172 
(1931). 

^“Meersseman, F.. and Tiicault, G., Semana Med. Buenos Aires, I, 595 (1931); Chem. Abs., 25, 
2485 (1931). 

Spies, T., and Berryhill, W. R., Am. Rev. Tuberc. 26, 275 (1932); Chem. Abs, 27, 775 (1933). 

“‘^M.ong, E. R., Proc. ^soc. Exptl. Bwl. Med. 30, 1090 (1933). 

Simonnet, H, and Tanret, G,, Presse Med., 39, 932 (1931); Gi.i> 2 cl, H. G., Sheai, M. J., and 
Kramer, B., Am, Rev. Tuberc., 24, 106 (1931); Kaminsky, J., and Davidson, D. L., Ibid., 483 
(1931); Fieund, R., Beiir. klin. Tuberk., 78, 666 (1931); Chem. Abs., 26, 6012 (1932); Zeyland, J., and 
Piasecka-Zeyland, E,, Tubercle, 17, 198 (1936); C!rimm, P. 1)., and Strayer, J. W. Ann. Jnt. Med., 9, 
1393 (1936); Loewen, D. F., and CJatway, W. H., J. Am. Rev. Tuber, 33, 733 (1936). 

«T«Haubold, H., Z. Tuberk., 67, 247 (1933); Chem. Abs., 27, 5100 (1933). 

Spies. T., and Walker, T. T., Am. Rev. Tuberc., 64, 23, 65 (1931); 74, 723 (1931). 

Poncher, H. G , and Gasul, B M., Am. Rev, Tuberc., 30, 358 (1934); Chem. Abs., 28, 7303 (1934). 
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ttiberctilasis have been reported by Steinbach and Rosenblatt,^^^ More or less 
favorable evidence for the tase of irradiated er^osterol in tuberculosis is also to be 
found in the following papers.^®® 

Dejust reported the cure of two cases of tuberculous osteitis with 

fistulas after a score of instillations of viosterol into the fistulas. 

Other Effects. Mellanby^ss called attention to the fact that exposure of 
puppies on a moderately defective diet to the rays of a mercury arc had a bene- 
ficial effect upon the calcification and structure of the teeth. If the diets were 
very bad, however, the calcification became poorer on irradiation. Later, Mellanby 
and Pattison found a cereal-free diet rich in calcium and vitamin D to 
almost eliminate the initiation and spread of caries in children. Similar 
favorable reports are due to Agnew, Agnew and Tisdall and others.^®® 
Little evidence for a protective action of the vitamin against caries could be found, 
however, by Rosebury and Karshan or Shelling and Anderson.^**'^ Blackberg and 
Berke ^®® noted a I'elationship in dogs between a deficiency in the vitamin and 
certain changes in the pulp, enamel and dentine which are poorly calcified.^®® 

The use of irradiation in the treatment of hay fever and a.sthma finds some con- 
firmation in the work of Rappaport, Reed, Hathaway and Struck,^®^^ who observed 
that Viosterol, in large doses, combined with pollen injections is more effective 
than either alone. Rappaport and Reed found V losterol without effect in 
three cases of infections asthma and two of urticaria, but it did protect six 
hay fever patients. Favorable effects of vitamin D on eczema have been 

reported,2®2 

The ability of ergosterol to sensitize the pneumococcus to lysis by saponin is 
destroyed by irradiation.^®^ 

Viosterol has neither antiseptic nor bactericidal properties.^®'* Greene 2 ®^ 

^Steinbach, M. M,, and Rosenblatt, M. B., Am, Rev. Tuber c , 31, 35 (1935), (hem. Abs., 29, 
4410 (1935). 

^Levaditi, C., and Li, Y. P, Compt rend, soc bwl., 106, 169 (1931), Chem. Abs., 25, 3382 (1931), 
Pobcard, A., Ravault, P., and Banal, P,, Compt. rend soc. bioL, 104, 633 (1930); Chem Abs., 25, 
4916 (1931); Pacbioli, R, and Mengoh, V., Bol. Sol Jtal. Bwl. Sper,, 6, 448 (1931), Chem Abs, 
2t, 764 (1932); Haubold, H, Beitr Path Anat , 89, 633 (1932), Chem. Abs, 36, 5660 (1932), 
Loewy, A., ana Grtininger, W , Z. 'luhcrk., 61, 317 (1931); Chem. Abs , 26, 6011 (1932); Cnmin. P J>., 
Am. Rev, Tuberc,, 26, 112 (1932); Black, W. C., Desavitsch, E. C., Tievorrow, V. E., and Lewis, R. C., 
Jbtd., 28, 699 (1933). 

Dejust, L. H,, Rev. actmologie pliysiotherap., 6, 1 (1931); Chem. Abs., 26, 2793 (1932). 

^“Mellanby, E., Brit. Dental J., 45, 545 (1924). 

Mellanby, M„ and Pattison, ('. L., BiU Med. I, 507 (1932); Chem. Abs., 26, 5127 (1932), 
Mellanby, M., Bnt, Dental J., 62, 241 (1937) 

** Agnew, M. C., Agnew, R G., and Tisdall, F F,, J. Am. Dental Assoc, 20, 193 (1933), Chem. 
Abs., A 5103 (19341. 

*** Anderson, P. Ci,, Williams, C. H. M., Halderson, H., Sunimerfeldt, C, and Agnew, R G, 
.7. Am Dental Assoc., 21, 1349 (1934), Chem. Abs., 28, 7314 (1934); Fish, E. W., J. Physiol, 84, 
272 (1935). Final Report of the Committee for the Investigation of Dental Disease, His Majesty’s 
Stationery Uffite, London, 1936; (hem. Abs, 31, 3531 (1937); McBeath, E. C., Am. J Public Health, 
24, 1028 (1934); N. Y. J. Dentistry, 8, 217 (1938); Chem Afn , 32, 5874 (1938); McBeath, Y. C„ 
and Zut'kei, T. F., / Nutrition, 15, 547 (1938). 

Rosebury, T., and Karshan, M., Aich. Path.. 20, 697 (1935), 

Shelling, D. H., and Anderson, G. M., J. Am. Dental Assoc, 23, 840 (1936), Chem Abs., JO, 
5624 (1936). 

Blackbeig, S. N., and Bcike, J D, J Dental Res., 12, 349 (1932); Chem. Abs., 26, 5129 (1932). 

See also Tempbn, V, M, and Stccnbock, H., / Biol Chem, 100, 217 (1933); Schour, I., and 
Ham, A. W, Arch. Path., 17, 22 (1934), them. Abi , 28, 2762 (1934) 

Rappaport, B. Z., Reed, (’. I., Uvvthaway, M. L., and Struck, H, C., J Allergy, 5, 541 (1934); 
Chem Abs., 28, 7361 (1934). 

Rappaport, B. Z., and Reed, (’. I., J. Am. Med Ajssoc., 101, 105 (1933). 

Cornel, M, Cwrn. ttal. dermat., 76, 89 (1935); Ber. ges Physiol, cxptl. PharmakoL, 88, 59; Chem 
Abs., 31, 8629 (1937), 

Klein, S, J., J. Bacterial., 26, 215 (1933). 

Montgomery, B. E., Proc. Soc [ixptl. Bwl Med, 28, 481 (1930). 

Greene, M. R., Am. J Hyg , 17, 60 (1933); Chem. Abs., 27, 1661 (193 3). 
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in an extensive study, was unable to detect any effect of a deficiency in vitamin 
D upon the ability of animals to produce antibodies or to resist infections. This is 
also the conclusion of Hess.^®® 

Notwithstanding these generally negative results, there have been papers pur- 
porting to show that D increases the resistance to infection. Robertson and 
Ross found rachitic rats receiving B, enieriditis orally showed a 5 per cent 
survival when the diet contained non-ir radiated and 30 per cent survival when it 
contained irradiated whole wheat. Similar effects also were described as due 
to the direct irradiation of the rat through Vitaglass. Koboshi found sub- 
cutaneous injections of staphylococci to produce more serious effects in rats 
deprived of vitamins A and D than in normal animals. Doses of Vigantol 
prevented the appearance of abscesses. Choun believed a high-vitamin diet to 
increase the resistance of guinea pigs to diphtheria. Pfannenstiehl noted 
a decreased germicidal power of the blood for typhoid organisms in D avitaminosis. 
Kemmler found skin wounds to heal more rapidly when an irradiated ergosterol 
solution was applied directly. Pritchett believed the resistance of mice on a 
normal diet to infection with paratyphoid bacillus or mouse typhoid bacillus to be 
increased by the addition of butter fat, cod-liver oil or by the use of irradiated milk. 

It has been suggested that viosterol may be of value in the treatment of lead 
poisoning, since in cats large doses increase the excretion of that metal.^^*^ 

Irradiated ergosterol is also asserted to increase the thrombocytes in blood 
and to reduce the coagulation time.-^^^^ It, as well as ultraviolet irradiation, tends 
to produce an increase in the fibrinogen and a decrease in the antithronibin con- 
tent of the blood of newborn infants.'^^^^^ Leopold, Bernhard and Tow report the 
lipids of the blood of children to be increased after ultraviolet irradiation, 
although the lipoid-phosphorus content is not changed. Nakae,^^^ finds in rabbits 
that the daily administration of 0.1 to 1,5 cc. of irradiated ergosterol preparations 
decrease.s the serum cholesterol by about 40% in a month. Blood catalase is 
increased by small doses but decreased by an excess of vitamin D, according to 
Jusatz.^^^ Feeding moderate amounts does not affect the glutathione level in 
the blood, but after toxic doses, although the number of red cells is increased, 
each cell has a reduced glutathione content.^®® 

It seems well established that metabolism is increased by vitamin D. Han- 
dovsky found irradiated ergosterol to increase the oxygen consumption of 

He&s, A. F* , Nvw Rnqland /. Med., 207, 367 (1932). See, however. Holm, R., Z. Immunitats, 
82, 479 (1934); Chem Ahs , 28, 7346 (1934). For a general review, see ( lausen, S W., Physiol 
Rev., 14, 309 (1934), Robertson, E. C , Mcdicive, 13, 123 (1934). 

Robertson, E. C., and Ross, J. R., Proc. Soc. Exptl. Bwl.Jdcd., 27, 999 (1930), 28, 443 (1931). 

Koboshi, S., /. Chosen Med. Assoc., 23, 39 (1933); Chem Ahs., 28, 4453 (1934) 

•‘»«»Choitn, C. K,, Z. Immunitats., 81, 432 (1934), Chem Ahs., 28, 5505 (1934). 

Pfannenstiehl, W., Siteiber. Ges. Bcf order gcs. Natttrw. Marburg, 67i 71 (1932); Chem. Abs., 
28, 5507 (1934). 

Kemmler. H.. Mm. Grensgeb. Med. Chir., 43, 453 (1934); Chem Abs, 29, 5 9 2 7 (19 3 5). 

“02 Pritchett, I. W., /. Exptl. Med., 46, 557 (1927) 

«»Flinn, F. B., .and Smith, A. R , Jnd Hyo.. 15, 156 (1933); Chem. Ahs, 27, 3529 (3933) 

Phillips, R. A, Robertson, D. F, Corson, W. C, and Irwm, Cl. F., Ann. Int Med., 4, 1134 
(1931); Chem. Abs., 25, 5210 (1931). 

^Sanford, H. N., Gasteyer, T. H,, and Wyat, L., Am J. Di.scases of Children, 43, 566 (1932); 
Chem. Ahs., 26, 3 560 (1932); Bahasaki, Y, Po/ta Pharmacol. Japan., 14, 1 (1932); Chem. Abs., 26, 
4100 (1932). 

Leopold, J. S, Bernhard, A., and Tow, A., Am. J. Diseases of Children, 43, 882 (1932): Chem. 
Abs., 26, 4350 (1932). 

««Nakae, R., Nagoya J. Med. Scu, 7, 88 (1933); Chem Abs, 28, 3457 (1934). 

«»Jusat 2 , 11. J., Kim. Wochschr., 11, 1501 (1932); Chem Abs., 27, 1030 (1933). 

Hesse, H., Bwchem. Z.. 268, 304 (1934). 

awHandovsky, H., Arch. Exptl. Path. PharmakoL, 159 , 383 <1931); Chem. Ab.u, 25, 40 53 (1931). 
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liver sections in vitro. Dhat^^^ has suggested that vitamin D may be essential 
to the proper oxidation of fats in the body. In infants with rickets or tetany, 
Nitschke and Schneider observed a lowered metabolic rate, which couid 
be made to rise by giving the vitamin. Reed, Thacker, Dillman and Welch 
found large doses of irradiated ergosterol to increase the metabolic rate of normal 
dogs. Landelium and Ljungkvist j-j^ve confirmed the ability of the vitamin to 
increase the depressed oxygen consumption of rachitic rats. Reed found the 
administration of 20,000 to 552,000 I.U. daily, as ViOvSterol, to rats in two to six 
days caused first a marked increase in the metabolic rate, followed by a 
decrease and an irregular return to normal. On the other hand, Massaroli,®^® 
using the metadinitrobenzene method, found irradiated ergosterol to slow down 
the oxidation-reduction processes of the tissues. An increase may he observed 
in the respiration of the skin, according to Presnell.^^^ It is said that the 
injection of irradiated (but not of unirradiated) ergosterol into the gall bladder 
of guinea pigs causes adenoid growths.^^® 

It has been stated that irradiated cholesterol accelerates alcoholic fermenta- 
tion in brewing, although non-irradiated cholesterol inhibits 


«iDliar, N. R., J. Phys. Chem., 36, 1846 (1932). 

Nitschke, A,, and Schneider, M., Z. Kinderhetlk,, 54 , 1 (1932); Chem. Abs., 27, 5 3 9 9 (19 3 3). 

««Reed, C. I . Thacker, E. A., Dillman, L. M. and Welch, J. W., /. Nutrition, 6. 355 (1933), 
Ckem. Abs., 27, 5785 (1933). 

Ljungkvist, G., Skand. Arch. PhyswL, 68, 2 5 2 (19 3 4); Chem, Abs., 28, 

4460 (1934). 


•“Reed, C. I., Proc. ExptL Biol. Med., 32, 274 (1934). 

««Massaroh, P., R%v. pat. Sper., 10, I (1933); Ckem Abs, 28, 3457 (1934). 

•iTPreioell, A. K.. /. Biol Chem., 121, S (1937). 

Schmidt, H, O., Z. Krebsforsdi., 45, 335 (1937); Chem. Abs, 31, 5874 (1937) 

8n»I)e Fari, R., and Pirronc, F., Ann. Chtm. Applicata, 21, 419 (1931); them AIa , 26, 799 
Pirrone, K, Ann. Cfnm. Applicata, 22, 731 (1932); Chem Abs., 27, 19 1 6 (19 3 3), Manu-li. 
Mosami, A,, Gtorn. Clum Ind. Applicata, 16, 377 (1934), Chem Abs., 28, 7415 (1934) 


(1932) ; 
E, and 



Chapter 40 

Commercial Production of Vitamin D 

Rickets is now recognized to be an extremely widespread disease, its incidence 
being as high as SO to 75 per cent. This is because milk, the chief food of the 
infant, is relatively low in antirachitic potency. Eggs and fish are practically 
the only foods which contain large amounts of the necessary food factor. Vege- 
tables are entirely lacking in it.^ For this reason, the discoveries described in 
the preceding chapters quickly found applicatio^i in the preparation of infant foods, 
pharmaceutical products and in improving the dietetic value of milk. In the 
preparation of poultry foods, the various methods of introduction of the vitamin 
have been of great economic importance. 

Notwithstanding the fact that the process of irradiation of foodstuffs was dis- 
covered in the United States, its widespread adoption, at least in the case of dried 
milk and the production of pharmaceutical solutions containing irradiated sterols, 
seems to have come about first in Germany, where Gyorgy reported on the value 
of irradiated milk as early as 1926. The earliest commercial milk irradiation was 
conducted in Frankfurt by Scheer and in Basel by Wieland.^ Irradiated Dryco has 
been manufactured in the United States since abopt 1927 : Steenbock applied for a 
patent on June 30, 1924, and this was issued in the United States ^ and assigned 
to the University of Wisconsin Alumni Research Foundation. By 1929, this 
foundation had licensed five drug manufacturers to produce irradiated sterol prepara- 
tions.^ By November, 1929, the American Medical Association had approved the 
name Viosterol for such preparations. At about this time, licenses were also 
granted for the irradiation of milk and various cereal preparations. In England, 
a Steenbock patent made mention of the possibility of harmful overirradiation and 
stated that this could be avoided by limiting the lime of exposure. The patent also 
included the separation of non-saponifiabic lipids from fats cither before or after 
the irradiation and their incorporation into foods. This included the preparation 
and irradiation of sterols and their esters obtained from such plant materials as 
yeast, molds, mushrooms, ergot, various seeds and straw, as well as from brain 
and other animal sources. In other U. S. Patents,® he described the irradiation 
of cereals or solid cereal products to a regulated degree to develop antirachitic 
properties without subsequent injury to either these properties or to the palatability, 
by strictly limiting the time. 

There are a number of other patents dealing with irradiation processes. Tillisch,^ 
claimed that irradiation of oils and fats produced, in addition to the antirachitic vitamin, 

^ Hess, A. F., ‘“Rickets, including O^itcomalacia and Tetany,’* p. 102, Philadelphia, Lea and Febtngor, 
1929. 

a Sec also Gyoigy. P, Khn. n o<huhr , 5, 7-47 (1920); 4, 1118 (1925). 

* Steenbock, H., U. S. F. 1,680,818, Aug. 14, 1928, to Wisconsin Alumni Keseaich Foundation. 

^Drug Markets, 24, 347 (1929). 

® Steenbock, H., British P 236,197, lune 30, 1924; J Soc. (. hrm Ind, SnhpL B, 735 (1925), 
314,942, July 5. 1928; Chem, Abs., 24, 1411 (1930), 

•Steenbock, H., U. S. P. 1,871,135-6, Aug. 9, 1932, to Wisconsin Alumni Reseaich Foundation; 

Chem, Ahs., 26, 5675 (1932); (jcrman P. 605,960, Nov. 22, 1934, Chem Abs., 29, 1862 (1935). 

^Tillisch, H. C. E., British P. 270,296, April 28, 1926; Chem. Abs., 22, 1415 (1928). 
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the fat- soluble A if oxygen was excluded. This is now known not to be jK)ssible. The 
harmful effects of ozone were eliminated through the use of a calcspar filter in the 
method of Heinemann,*' and Scholl ^ attained the same objective when he displaced the air 
from an irradiated liquid by the passage of an inert gas. Stamso increased the anti- 
rachitic potency of food oils, such as peanut oil, intended for a butter substitute, by 
irradiating it in thin layers with the exclusion of air, or by immersing lamps in tlie 
flowing liquid for not more than an hour. This was reduced to ten minutes in a 
later patent.^ In other patents, there were many indefinite claims for the improve- 
ment of food products, without particular mention of the development of antirachitic 
potency, although tliis was undoubtedly the objective intended; the claims related to 
various details of the methods employed. Pacini ^ used rays other than those in tlie ultra- 
violet range, particularly infrared rays, or, in another patent,^* rays longer than 3022A 
for the treatment of many substances such as bacilli, molds, sarcoma tissue, and ergot, 
said to contain a growth vitamin. 

During ultraviolet irradiation of foodstuffs, Ried^* employed a simultaneous irradia- 
tion either with x-rays or with wave-lengths longer than ultraviolet. Kelly ^ similarly 
proposed the simultaneous or subsequent application of cathode rays. The use of the 
latter alone was claimed by Knudson.^*’ Sperti^'^ claimed the use of soft x-rays. 

Peri no'*’ described the use of an alkali monohydrogen phosphate solution in con- 
junction with the ultraviolet irradiation of various types of vegetable material. 

Another type of patent covered the u.se of only restricted w^ave-length 
regions within the ultraviolet range in order to control the processes in such a 
manner as to avoid the accumulation of undesirable products or the destruction 
of the vitamin once it had formed. Thus, Sperti, Withrow, Norris and Schneider 
described a process for simultaneously increasing the vitamin content and destroy- 
ing bacteria in which foods arc irradiated with ultraviolet light with the exclusion, 
by suitable filters, of those shorter wave-lengths which are harmful to the taste, 
smell and color of the food. Chesney^^ places the thresliold for destructive effects 
in the irradiation of foods at about 2900 A and avoids the action of shorter wave- 
lengths by employing concentrated sunlight or skyshine. Bills described an 
apparatus for exposing materials on a belt conveyor to sunlight filtered through 
a covering material such as Cellophane which is transparent to ultraviolet rays. 

Reiter^’" used only radiations longer than 2800A in irradiating substances con- 
taining ergosterol to avoid the formation of toxic products. It is now recognized 
that this cannot be accomplished since Do itself has toxic properties, but the 

** Heinemann, F., German P 530,877, Nov. 4, 19J*6; Chem Ahs., 26, 221 (19.32) 

“Sd^oll, H., French P. 616,792, Pec 28, 1927; Ckt'm. Abs , 23, 2106 (1929); Biitish P. 283, *172, 
Jan. 9, 1928; Chem. Abs., 22, 4015 (1928); Canadian P. 285,853, Dec. 25, 1928; Chem. Abs , 23, 
1231, 2330 (1929). 

wStamsd, K K., Bntjsh P 246,473, Jan. 26, 1925, Chem. Abs,, 21, 465 (1927). 

Stamso, K, K., Swedish P. 72, .502, Aug. 25, 1931; 72, 613, Sept. 8, 1931; Chem. Abs., 27, 
3294 (1933). 

13 Pacini, A. J., British P. 296,053, Aug. 24, 1927; Chem. Ahs„ 23, 2252 (1929). 

Pacini. A. J.. U. S P. 1,681,120, Aug 14, 1928, to C N. Richter; Chem Abs., 22, 3737 (1928) 

Ried, O., Austrian P. 121,657, Oct. 13, 1930, Chem. Abs., 25, 3130 (1931); see also for the 
preservation of foods in tins way, the Fromray Co, Bntii.h P. 325,824, Chem. Abs, 24, 3952 (1930), 
German P. 551,290 

Kelly, T. D., Biitish P 293,255, Nov. 28, 1927, Chem Abs., 23, 1698 (1939). 

iflKnudson, A., British P 292,926, June 24, 1927; Chem. Abs., 23, 1446 (1929). 

Sperti, G., U. S. P. 1,982,028, Nov. 27, 1934, General Development Laboratories, Inc.; Chem. Abs , 

29, 517 (1935), 

5«Permo, J., British P. 279,487, Oct 20, 1926; Chem. Abs., 22, 2 799 (1928); German P. 535,411; 
U. S. P. 1,754,434, Apul 15, 1930 

Sperti, G., Withrow, R , Norris, R. ,and Schneider ,11., LT S. -P. 1,982,029, Nov- 27, 1934, to 
General Development Lahoi atones, Inc., Chem Ah^., 29, 517 (19.15). There is now available a vege- 
table oil solution of ergosterol prepaied in this manner containing 10,000 itmts per gtam Ridei, T., 
Sperti, G, ftoode, 'P., and C^assidy, H., J Am. Med Aksoc., 106, 452 (1936). 

«>Chesney, J. W. D.. U. S, P. 1,704,173; Chem. Abs., 23, 1967 (1929); British P, 310,802, April 

30, 1928. 

Bills, C. E.. U. S. P. 1,877,382, Sept 13, 1932; Chem. Abs., 27, 4 (1933). 

*» Reiter, T„ French P. 697,307, Jan. 30, 1930; Chem. Abs., 25, 3131 (1931); British P. 342,500, 
Jan. 17, 1930. 



commercial production of vitamin D 829 

formation of other inert toxic substances can be lessened. Most of the patents 
dealing with the use of filtered radiations were applied for before or shortly after 
the appearance of the work of Reerink and van Wijk, , discussed in the preceding 
chapter. A study of this will aid in the evaluation of claims for the action of specific 
wave-lengths, Reitcr^s claims were in part based upon his observation^"'* that, 
in the irradiation of milk, it is the wave-lengths between 2400 and 2800A which 
cause the undesirable changes in odor and taste.^^ 

The Philips Gloeilampenfabriken proposed to increase the efficiency by filter- 
ing out wave-lengths shorter than 2700A by the use of a 10-mm. layer of a 5 per 
cent benzene solution, or /)-xylene. 

Camps ie eliminated infrared rays and used a cold quartz lamp giving chiefly 
the band 2537-2540A‘, the resonance lines of mercury, radiations which most 
authorities would agree would have to be very carefully limited in their appli- 
cation if destruction of the antirachitic substance is to be avoided. 

The use of the carbon arc for irradiating foods was described by Chaney 
The formation of ozone which gives ofif-flavor, is particularly avoided by the use 
of electrodes containing added iron or aluminum so that the energy emitted will 
have a high proportion of wave-lengths between 2000 and 3000A, with only a 
negligible portion shorter than 2000 A. 

It is not possible to discuss in detail the many patents dealing with the structural 
features of irradiation apparatus.^^ 

Shumway^® removes the busk or skin from a cereal such as wheat, corn, 
oats, rye, barley or rice, and separates any pulverulent material, after which 
the whole cereal kernels arc irradiated. Dorcas described the apparatus com- 
monly used for irradiating such foods. A thin layer of the product an eighth of an 
inch deep flows on a moving belt before an ultraviolet lamp. 

Jaeger '*2 described a therapeutic product prepared by irradiating dry banana 
meal in thin layers. 

Berndt and Creighton treat an opaque food sn])stance at rest bv ultraviolet 
rays only long enough to render a fraction of it antirachitic. This is then mixed 
with the untreated portion, again irradiated, the mixing and irradiation processes 
being alternately repeated, the total treatment received during the exposures of the 
fractions being less than the time re(juircd to impart undesirable properties to any 
portion. 

^Reiter, T., Natuiwtss., 17, 876 (1929); Kisch, K., and Reiter T., StrahJenthcrapie, 39, 452 (1930- 
31); Genin, G, \Lmt, 17, 47 (1937); Chem, Ms., 31, 7494 (1937)] avoids rays less than 2600A. 

See also Weckel, K. G,, Jackson, IT. C., Ilnmati. R , and Steenbock, II , IVis. Agr. Expt. Sta., 
Bull 4.^5, 08 (1936); Chem. Abs., 32, 20.33 (1938). 

N V Philips Glocilampenfabiiken, British P. 343,528, Sept. 14, 1929; French P. 700,312; Chem. 
Abs., 25, 3776 (19.31). 

aflCampsie, H G,, V .S. P 1.980,971. Nov 1.3, 1934; Chem. Abs., 29, 498 (1935). 

Chaney, N. K., U. S. P. 1,842,313, Jan. 19, 1932 (to National Carbon Co.). 

Chancy, N. K., IJ. S. P. 1,894,158; Chem, Abs., 27. 2504 (1933). 

»*Geffcken, 11 H.. and Richter, IT., Gciman P. 523,257, Feb 8, 1927; 526,141. May 17, 1929; 
Goodall, F E, and van Sant, R H , U S P., 1,735,610, Nov. 12. 1930, N. V. Philips Gloeilanipcn- 
fabriken, British P. 31.3,558, June 14. 1928; Chem Ab.s., 24, 1036 (1930), Hickman, J. O., British P. 
392,626, Feb. 17, 1932; Tixier, G., British P. 376,996, July 21, 1932; Ross, f. C., U, S. P. 
1,896,379; Zecher, G.. U. S. P. 1.929.910, Oct. 10, 1933; Bnt Chem Abs. B, 587 (1934); Mailey, 
R. D., U. S. P. 1,969,655, Aur. 7, 1934; Ban, N., van Recsey, N., and van Recsey, E., British P. 
382,349, Oct 27, 1932, Brown, G, Bntish P 294, .502, July 22. 1927, Chem. Abs, 23, 1967 (1929); 
Stephens, H, Cl , and Hoar, S. B., IT. S P. 2,020,250; SJalinonv-Karstcn, A.. Allgem Oel^und Fctt~Z., 
32, 358 (1935); Beardslec, F. C., U S P 1.682,318; Linder, j.. Austrian P. 125,772, July IS, 1931; 
Soc. anon, des usities Retny, Belgian I’ 386,419. March 31, 1932; Chem. Abs., 27, 1416 (1933). 

aoShumway, E. D., U. S. P. 1,928,397 (to Quaker Oats Co). Chem. Abs., 27, 5840 (1933). 

Dorcas, M. J., Food Industries, 1, 504 (1929); Chem. Abs, 32, 4508 (1929) 

Jaeger, C.. British P. 290,195, April 18, 1928; Chem. Abs, 23, 916 (1929). 

Berndt, K. C., and Creighton, H. M, U. S. P. 2,072,416-7-8 (to R. U. V. Engjneenng Cor- 
poration); Chem. Abs., 31, 773, 2701 (1937). 
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A process for making biscuits, cakes, etc. in the presence of ultraviolet light was 
described by Elias, and an apparatus for irradiating bread was described by 
Kielwein.^® McGroarty proposes the irradiation of an emulsified mixture 
prepared from salt, sugar, milk, shortening and yeast This is then to be mixed 
with an irradiated yeast suspension, hour and water, for preparing bread dough. 
Antirachitic biscuits, prepared either from a dough with an added vitamin D con- 
centrate or by the irradiation of the biscuits, retain their potency even after baking 
at 180-200'^ C. according to Markar’yan.®^ Tisdall®® prepares biscuits, cakes, 
rusks or breads containing vitamins A, B, E and D from bone meal, baking powder 
and irradiated wheat germ, whole wheat and yeast. 

Detailed studies of the antirachitic potency imparted to soda crackers by exposures 
at 12 inches, from a mercury arc emitting 94 ergs per second per sq. mm. have been 
reported by Read and Bailey.®” Activation was attained in ten seconds, according to the 
results of bone-ash data on animals which had been on diets containing the crackers 
at a 20 per cent level. In the preparation of the crackers, lard, which may contain an 
appreciable amount of vitamin D, was replaced by hydrogenated shortening or lards shown 
to lack the vitamin. It was also shown that crackers made with irradiated shortening 
carried their antirachitic potency through the fermentation and baking processes. 

Greaves and Nielson*® find that the addition of 0.5 gm. of irradiated Utah-grown 
wheat causes a slight healing in rachitic rats This becomes pronounced with 0.75 gm. 
or with 1.25 gms of the unirradiated wheat. The highest provitamin content was found 
in the Baart and the lowest in the Kharkov varieties. Becker *' studied the amounts of the 
\dtamin which could be produced per hour in wheat, rye, barley, corn, peanut, linseed, sun- 
flower-seed and pumpkin-seed meals. With the feed stationary, and exposures of 10 to 120 
seconds, 160 to 1360 units were produced and in feed moving beneath the lamp in a thin 
layer, 1500 to 18,000 I U. A reasonable speed is that allowing an activation of about 0.5 
I.U. per gram. 

The addition of 10 per cent of irradiated farina in the diet of the rat failed to cause 
healing of rickets in experiments bv .Schlutz and Ziegler.** Pinenssen**’ believes that 
irradiated oats stimulate carbohydrate metabolism in rabbits. The administration of 
irradiated cereals to school children produced no increase in calcium and phosphorus 
retention beyond the limits of normal variation, according to Porter-Levin.** Drake 
and Tisdall *® found that irradiated farina given to children on a low calcium diet caused 
an increased efficiency in the utilization of these elements. Autoclaving an irradiated 
ration for six hours at fifteen lbs. docs not affect its antirachitic properties.*® 

Ultraviolet rays impart antirachitic value to lettuce, alfalfa, spinach and soybeans, 
but not to cabbage.*^ Greater antirachitic properties are imparted to the cut than 
to the intact plant, but the exposures neces’sary to produce the vitamin in the plant are 
longer than those required to produce enough to protect a directly irradiated animal. 

The irradiation of three kinds of mushrooms, as well as of the autoclaved, dried 

O. A., British P 26(i,ini. Jan. 12, 1036 

«»Kielwein. F., German P Sr.4,401, Nov 1. 1927: 608.277, Tan 19, 193S; Ckrm Ahs., 29, 2618 
(1935); German P. 647,522, July 6, 1937; Chem Aht . 31, 8739 (1037) 

»«McGroartv, W T , U. S. P. 1,863,277: Chem Ab<!., 26, 4111 (1932) 

Markar'yan, E. A,, Proc. 9rt. Inst. Vitamin Research, U S ^ R , I, 198 (1936); Chrm Abf., 31, 
1854 (1937), 

Tisdall, F. F, British P. 357.223, Jan 24, 1930; Chem Abs , 27, 350 (1933), 

Read. J. W, and Bailey, C. H.. Cereal Chemistry. 10, 99 (19.33); Chem. Abs., 7t^ 2982 (1933); 
W6rner, A., [U. S. P. 1,796.134; Chem Abs.. 25, 2403 (1 931)1 claims to avoid impairment of the 
taste of bread by using a reflector and permitting no direct rays to strike the bread 

Greaves, J E,, and Nichon. H., Fond Research, 1, 495 (1936); Chem. Abs, 31, 2647 (1937). 

Becker. J, Meeoaavdas&gi Kutatasok, 9, 191 (1936); Chem Abs., 30, 7701 (1936). 

Schlutz, F. W., and Ziegler. M. R , 7 Am Med Assoc., 93, 1466 (1929); for further experi- 
meats on irradiated cereals, see Steenbock, H , Black, A., and Thomas, B. H , 7 Biol Chem. 85. 
585 (19.30). 

Pinciissen, L. Strahlcntherapir, 51, 685 (10.34), Chrm Abs, 29, 4051 (1935). 

Porter-Levin, T., 7 Am. Diet. Assoc., 8, 482 (1933); Chem. Abs., 27, 29 86 (1933) 

Drake, T., and Tisdall, F. F.. Canadian Med, Assot 7 , 26, 296 (1032); Chem Abs. 27, 4278 
(19.3.3). 

Daniels. A. L., and Jordan, D. P., Proc, Soc. Erpfl Bwl Med, 26, 453 (1929). 

*'^Loikin, M.. Contributions Bovre Thnmp.son Inst., 3, 24.5 (19.31): Chem Abs., 25, 5450 (1931). 
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and ground pad resulting from the growth of certain molds in an inorganic medium 
containing 4 per cent of glucose, produces the vitamin, according to Preuss, Peterson, 
Steenbock and Fred" 

June butter fat is a poor source of vitamin D but is readily activatable, a ten-minute 
exposure at a depth of 1.6 mni. being best." It would also be possible to improve its 
quality by the introduction of irradiated ergosterol, Lampitt, Sylvester and Bilham*^ 
have described a method for the irradiation of fats in which the light reaching die cell 
containing the fat is standardized by the use of a simultaneously exposed calibrated 
pliotoelectric cell. This arrangement, although employed for the study of oxidation 
processes, would also be applicable to the formation of the vitamin. 

Nomura®^ proposed to ferment mixtures of flour, fruit juices, Japanese yams, and 
meat or fish soup, and then irradiate, dry and powder the product. 

Favorable results with irradiated chocolates were reported by K.rasso.'''^ McKmlay**’ 
exposed chocolate candy on an endless belt to a mercury arc. Ricd®* ascribed beneficial 
effects to the irradiation of added metals or compounds such as zinc oxide, ferrous 
carbonate or calcium carbonate mixed with the fatty materials in the chocolate. 

Labbe*® extracted sterols from cacao beans, separated the and sterols by 
crystallization, mixed and irradiated them.®*^ 

Drummond,®'^ in discussing the public health aspects of the vitamin D forti- 
fication of foodstuffs, concludes that their promiscuous irradiation is of ques- 
tionable value. He did, however, consider the addition of calciferol to milk to be 
justified. Another discussion involving the status of the problem of vitamin addi- 
tion to foods in general use has been given by Sherman and others.®® The possi- 
bilities of the production of vitamin D have been extended by extravagant claims. 
Thus, it has been proposed to impregnate textiles with materials which, upon irradi- 
ation, acquire therapeutic properties.®^ 

Pharmaceutical Developments. The ^alue of pharmaceutical preparations of 
1 ) 2 , Viosterol, is firmly established, and, since its use is less apt to be promiscuous, 
is less subject to criticism than is the general irradiation of foodstuffs. At first it 
was believed that the antirachitic or growth-promoting properties of cod-liver oil 
could be enhanced by irradiation,®^ init, as stated in the preceding chapter it is now 
generally recognized that the oil contains little, if any, provitamin anej the effects 
of irradiation can only be to destroy tlie vitamins A and Dg naturally present.®^ 
However, Coster and Gunther maintained that the antirachitic potency once 
destroyed in the hardening of cod-liver oil may be restored by irradiation. 


^^'Pieuss, L. M., Peterson, W. H., Steenbock, H,, and Fred, E. B., /. Biol. Chetn., 90, 369 (1931). 

^‘•Steenbock, H., Winck, A. M., and Rasing, B. M , Datry Sci., 13, 497 (1930); Chem. Abs,, 
25, 729 (1931). 

Lampitt, L. H., Silvester, N D., and Billiam, P., Biochcm. J., 29t 1167 (1935). 

Nomura, R., French P. 701,808, Sept. 9, 1930; Chem Abs., 25, 4068 (1931). 

“Kravso, H., Wtener Klin. H'oehsehr , 42, 898 (1929); Chem. Abs., 23, 5238 (1929). 

«McKmlay. D., British P. 276,860, Oct. 27. 1926; BnV. €kem. Abs., B, 858 (1927); see also 
Oppenheim, h., British P. 309,601, Aiiril 13, 1928, Swiss P. 142,862, April 9, 1929; French P. 
672,318, March 29, 1929; Chem. Abs., 24, 2213 (1930). 

Ricd, O., Biitisli P. 316,264, July 26, 1928, Chem. Abs., 24, 1683 (1930): M'tcner Klin. M^^ochschr., 
42, 896 (1929); Chem. Abs, 23. 5218 (1929); Austrian P. 126,148, Aug. lii, 1931; 123,648, Dec. 15, 
1929. 

wLabbi, H.. French P. 700,036. Nov. 16, 1929; Chem. Abs., 25, 3409 (1931). 

Sec also for chocolate irradiation, the patents of the van Houten Co., British P. 340,580, Nov. 24. 
1928; French P. 68,093. 

Drummond, J. C., Chemistry and Industry. 744 (1935). 

^ Am. public Health Assoc. Yearbook, 78 (1933-4). For the cngmeeimg aspects, Gunderson, F. L., 
Cereal them., 7, 449 (1930); Chem Abs.. 25, 131 (1931). Krausb, E , and Bethke, R, M., [Ohio 
Aar. Expt. Sta., Bimonthly Bull, 184, 3 <1937); Chem. Abs., 31, 5886 (1937) J believe the addition 
of the vitamin to foods should be limited to milk. See also Fleisch, A., Presse m^d., 45, 1542 (1937); 
them. Abs., 32, 3797 (1938); Knapp, A. W., Chemistry and Industry, 558 (1938) 

»»Ledcrer, B., French P. 796,046, March 27, 1936; Chem. Abs., 30, 5727 (1936). 

Price, W. A., Am. J. Diseases of Children, 33, 78 (1927). 

*^Vaii Leersum, E. C., Nederland. Tijdschr. Geneesk., 74» 1, 899 (1930); Chem. Abs. 24, 3264 
(1930). 

«« Coster, J. H., and Gunthei, G., Austiian P. 124,892, May 15, 1931; Chem. Abs., 26, 761 (1932). 
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In England, the production of ergosterol on a large scale was begun about 1928 
by the British Drug Houses, Ltd. and by the Boots Drug Co., Ltd.®^ When 
irradiated, it was employed in margarine manufacture and in pharmaceutical 
preparations, such as Radiomalt, a palatable preparation which also contained 
vitamins A and B, and Vitamalt.®^ 

Many of the patents cited in previous paragraphs apply also to the irradia- 
tion of ergosterol, but many more are concerned with this alone. Indeed, most of 
the developments discussed in the preceding chapter were patented. In the earlier 
period there were several claims which have since turned out to have little signifi- 
cance, or to be erroneous. The use of x-rays, cathode ray.s or corona discharges 
apparently has not yet been widely applied. Claims have been made that the forma- 
tion of the vitamin could be effected without the use of ultraviolet rays by treating 
ergosterol with metallic catalysts, such as copper, bronze and nickel.^^ 

It is not possible to discuss the structural details of apparatus utilized for irradia- 
tion, At one time it was stated that the irradiated solutions should be at tempera- 
tures above 70“ C.®^ Bills gave details of a method for repeatedly circulating 
the solution through a chamber between the quartz mercury burner and the lamp 
casing. Fraps®^ described methods used in exposing ergosterol to sunlight.'^® 

Trufanov agitates the solution of ergosterol in a water-cooled quartz vessel 
by a flow of carbon dioxide sucked through by a vacuum pump. He alters about 
50 per cent of a 2 per cent solution of the sterol in benzene, using as a source a 
carbon arc at a distance of 5 cm., the electrodes being composed of 65 parts carbon, 
2,5 iron and 32.5 magnesia. 

From and others claim that infrared rays assist the formation of the vitamin 
by antibacterial rays from a glow discharge. They also provide means for circulating 
ozone. In addition, the use of dyes as sensitizers has been proposed, although 
these substances have been said to lead to the formation of substances different 
from the vitamin by Windaus (chapter 39). 

Apparently, the earliest commercial irradiated ergosterol product was the toxic 
Vigantol (chapter 39), prepared by the aid of a photoelectric device which 
cut off the light when the maximum absorption of wave-lengths between 2400 and 
2500A had been attained.^** 


«»Langton, H. M., J. Soc. Chem. Ind., 48, 31 (1929). 

Reviews of recent applications- Taberii, D. L., C'/w. Med. Surg., 40, 9 (1933); Weullrch, G, 
Z, Vitamtf^orsch. , 2, 253 (1933), Tanret, G., Bui/, soc. chtm. biol., 15, 1346 (1933); Ronth, I. B, 
J, Ch0n. Educ., iO, 13 (1933); Borgeaud, T., BuU, Soc. Vemd. Sc%. Nat., 58, 17, 232 (193 3), 


I. G. Farbcnindustrie, British P. 318,269, April 2, 1928; Brxt Chem. Ahs. B, 711 (1929), 
Whittier, C. C., U. S. P. 2, lOo, 779, 2,106,780-1-2, Feb 1, 1938, Chem Ab\ . 32, 2692 (1938), 
Kramer, B., Natelson, S., and Sobel, A. E., U. S, P. 2,112,212, March 29, 1938. Chem. Ahs, 32, 
3913 (1938); N. A., U. S. P, 2,117,100, May 10, 1938, Chem. Abs.. 32, 51ol (1938) The 

product known as Ertron is made by the Whittier process. 


Heilbron, I. M., British P. 318,2o8, March 2, 1928, Chem. Abs., 24, 2244 (1930). 

I. G. Farbenmdustne, British P. 316,803, Sept. 17, 1928; Chem. Abs., 24, 1938 (1930), 

« Bills, C. E., U. S. P 1,808,760, June 9, 1931, Chem. Abs., 25, 4150 (1931). 

‘WFraps, R. M., U. S. P. 2,015,264-5, Aug. 24, 1935; Chem. Abs., 29, 7587 (1935). 

Other patents on irradiation appaiatus Buhtz, E,, German P. 514,992, June 27, 1926, (Juny. L 
German P, 637,716, Nov. 3, 1936, O’Brien, B, British P, 459,043 and 459,118 ,Oec 28, 1936, Chem 
Abs., 31, 4021 (1937); Pfeidemengea, 11., Bntish P. 638,338, July 27, 1927, Patent Treuhand (Jes. fur 
Elektnschc Gliihlampcn, German P. 553,016, Dec 21, 1927, 541,991, Oct. 30, 1927, Quarzlarapen. Ges.. 
British 'P. 295,023, Aug 4, 1927; Ntcholls, H. J., U, S. P. 2,070,307, Chem. Ahs, 31, 2054 (1937), 
Tixicr, G., British P. 356,083, Jan. 22, 1930: Zechei, G.. tJ. S. P. 1,929,910, Vilenkin, M, Kuh.sian 
P. 25,652. March 31, 1932; Chem. Abs., 26, 5231 (1932); Hickman. J. O., British P. .392,626. May 25 

55 (I934); MilchwirtschaU Zentr., 63, 225 (1934); Chem 
Abs., 29, 236 (1935); Robinson, F, W., and Larsen, C. J., IJ. S. P. 2,051,395, Aug. 18, 1936. 
'^Trufanov, A. V., Khim. Farm. Prom., 196, 253 (1933); Chem. Abs., 28, 498, 4108 (1934), 
Tsprom, V. C., Rowley, C. D., and Larsky, A. W., British P. 325,824, Feb. 2, 1929. 

Merck, Chemischc Fabrik, British P. 286.065, March 8, 1927, Brit Chem Ahs. B. 830 (1928) 
Chem. Abs., 23, 4 83 (1929). 


British P. 296,093, Aug. 22, 1928, to 1. (J, Faibenindustiie A.-G.; But Chem. Abs., B, 7.3 (1929) 
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Some have attempted to prevent losses during the irradiation by the use of 
certain additions to the solvent. Thus, ethylene or an alkali hydroxide has been 
added to ether or alcohol for this purpose."^® BrauchH uses hydroquinone or 
other dihydroxyphenols. To obtain stable solutions, Hooper dissolves the highly 
active transformation product of ergosterol in 1,2 — ,2,3 — ,1,3 — or 1,4-butanediol 
or 2-niethyl-l, 3-propancdiol. A method has been described for extracting the reac- 
tion product from the solvent after its exit from the reaction chamber, followed by the 
introduction of fresh provitamin into the solvent in the reaction chamber so that the 
solvent may be used repeatedly.’^** The acid esters of sterols may be irradiated 
before they are converted into salts.^® 

Various methods have been proposed for separating the irradiation product. 
In one,**^^ the unchanged ergosterol is separated by virtue of its small solubility in 
alcohol, acetone, etc. The separation is continued until the ergosterol shows a 
dextrorotatory power greater than 25^^ for the yellow line of mercury. The active 
material is obtained by distillation of the solvent. Light and Frey carry out the 
irradiation in solvents such as dicthylene dioxide, triethanolamine, ethyl acetate, etc., 
which have a much higher solvent power for the activated product than for the 
original ergosterol. Jendrassik irradiated solid ergosterol in contact with a 
solution containing vitamin D or ergosterol. The solution formed was led away by 
dialysis and fresh solution continuously added. 

Fillers to eliminate various wave-lengths have been suggested. Some would 
remove, by a carbon disulfide filter, wave-lengths longer than 3000A, particularly 
the 3126 and 3132A lines of mercury, believing these to be harmful.®^ 

The work of Recrink and van Wijk, discussed in the preceding chapter, has also 
been made the basis of patents assigned to the Philips Lamp Works.®^ This, it 
may be recalled, eliminates wave-lengths shorter than 2700 and longer than 3000A. 

Spectrographic control of the irradiation process is specified by Zimmermann 
and Frankenburger much as in the earlier Vigantol patents, except that it is 
.stated that the irradiation is to be interrupted before the maximal absorption 
between 2300 and 3000A has been exceeded, 

WT G. F.'vrhetimdiistrie A -G., Briltsh P. 321,992, Oct. 25, 1928; Chem, Ahs , 24, 2837 (1930); 
British P. 316,803, .Sept. 17. 1928; Bfjt. Chetn. Ahs, B, 836 (1^29); Chem. Abs., 24, 1938 (1930). 

Brauchli, E, U. S P 1,824,653, Sept. 22, 1931 (to HolTtnan LaRoche, Inc), Chetn. Abs,, 26, 
181 (1932), British P. 334,002, July 1, 1929. 

^Hooper, W., U. S. P. 2,030.792 (Wmthrop Chemical Co.); British P. 436,713, Oct. 16, 1935; 
Chem. Ahs, 30, 1949, 2326 (1936) 

I. (I Farhenindustrie A.-(j , British P. 314,267, Aug, 20. 1928; Frankenburger, W, and Wcizel, 
W., German P, 491,222, May 20, 1928; Chem. Ahs,, 24, 2056 (1930); French P 675,558, May 10, 
1929, Chem. Ahs., 24, 2674 (1930); see also Merck, German P. 556,716, Maich 6, 1928, for a descrip- 
tion of an aqueous, colloidal solution of inadiated ergosterol 

Hoffman-La Roche Co., Gci-man P. 567,333. Dec. 13, 1928. 

Soc des usines chimiques Rhone Poulenc, British P 335,377, March 27, 1930; 335,277, June 25, 
1929, French P. 698,040, June 11, 1930; Chem, Abs., 25, 1562, 3039 (1931). 

Light, R F , and Frev, C N., U. S. P. 1,955,554, (to Standard Brands) , Chem Ahs., 28, 3752 
(1934); Butish P. 394,408, June 29, 1933, Canadian P 333.281, June 13. 1933, Chem. Ahs., 27, 
4631 (1933) 

Jendrassik, A., Hungarian P. 104,227, April 14, 1931; Chem. Abs., 27, 1387 (1933). 

N. V. Philiii.s’ (■rloeilampenfabneken, French P. 714,827, April 4, 1931; Chem Abs,, 26, 1715 
(1932); French P. 737,234; May 17, 1932; Chem Abs., 27, 1453 (1933); French P. 700,312, July 17, 
1930; Chem Ahs., 25, 3776 (1931); 27, 810 (19.33); Dutch P. 32,096, Fcli. 15, 1934; Chem. Ahs., 28, 
3842 (1934); Fiench P. 708,548, I3cc 29, 1930; British P. 385,626, Dec. 20. 1932. Some of these 
deal with methods for lemoval of portions of the solvent and for the addition of added amounts of 
ergosterol, 

wReerink, E H., and van Wijk, A., U. .S P. 1,904,751, April 18, 1933, to N.-V. Philips’ 
Glocilampenfabnekcn, Chem. Abs., 27, 3560 (1933); German P. 634,146, Aug. 18, 1936; Chem. Abs., 
30, 8533 (1936). 

Zimmeiniann, W., and Frankenbuiger, W., lb S. P 1,896,191 (Wmthrop Chemical Co); Chem, 
Abs., 27, 2534 (1933). 
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Much of the work of the Gottingen laboratories has been patented, the United 
States patents being held by the Winthrop Chemical Co, Windaus described the 
preparation of by irradiating ergosterol with light excluding wave-lengtlis 
shorter than 2750A. About 40-50 per cent conversion was obtained. Unchanged 
ergosterol was removed and the product was treated with citraconic anhydride 
for ten days in ether solution. Removal of the solvent was effected by evapora- 
tion at a low temperature. The residue is then saponified with alcoholic potassium 
hydroxide, diluted with water after about 12 hours, extracted with ether, petroleum 
ether or both, washed with water and dried. Following the latter operation, the 
solvent is evaporated and the residue crystallized from alcohol. Linsert uses the 
unfiltered light of a magnesium spark, the remaining treatment being very similar 
to that described by Windaus. In the earlier patents, he specified the use of maleic 
anhydride, which left the antirachitic products in solution. Subsequently, Linsert 
described the removal of the D 2 by the use of ?;i*clinitrobenzoyl chloride in the 
presence of pyridine. 

There are a great number of patents dealing with the introduction of irradiated 
ergosterol into food products. Ernotte states that an aqueous-oil emulsion 
of vitamin D may be made with lecithin as the emulsifier. 

The recent attention to a cholesterol derivative as the true provitamin of 
the natural antirachitic vitamin has been reflected in a patent by Waddell,®^ who 
described methods of treating cholesterol by mild oxidation with hydrogen peroxide 
or benzoyl peroxide, or by heal treatment, in order to increase the provitamin 
content. 

The sterols of duck eggs may be irradiated to obtain preparations of antirachitic 
value for chickens.®^ F'ats of various invertebrates may also be irradiated for 
this purpose.®^ 

The various irradiated ergosterol preparations are very widely used,. Besides 
the simple vitamin D preparations, there are a great number of products in 
which the irradiated ergosterol is supplemented by various other vitamins. Prac- 
tically all the preparations are assayed in terms of the international standard. 
During the early developments there were, however, considerable variations in the 
potency of the products, since they were assayed against samples of cod-liver oil, 
the potency of which was not guaranteed.®^ 


Windaus, A., U. S. P. 1,873,942, Aug. 23, 1932; Chem. Abs , 26, 6072 (1932); U. S. P. 1,902,745; 
Chem. Abs., 27, 32 94 (193 3), German P. 565,900, April 3, 1931, and 583,791, Sept. 9, 1933. The 
last describes the conversion of ergosterol to 1)^. 

'"Linsert, O., U S. P. 1,902,785; Chem. Abx., 27, 3294 (1933); German P. 576,021 and 565,900; 
British P. 405,321; 370,743, April 2, 1931, to I. G. Farbenmdustne A.-G.; Chem Abs., 28, 4842 (1934). 

Linsert, O., German P 603,088, Sept. 22, 1934; Chem Abs, 29, 55.2 (1935); U. S. P. 2,030.377; 
Chem. Abs.t 30, 2326 (19.36), The iriadiation of 22-dihydioergo.stci ol is also described. I. G. Far- 
benmdustrie, A.-G., German P. 642,759, March 16, 1937; Chem Abs, 31, 6417 (1937). U. S. P. 
2,128,199, Aug. 23, 1938; them. Abs , 32, 8702 (1938) For 7-dehydrocholesterol, sec Windaus, A., 
and Schenck, F., U. S, P. 2,099,550, Nov. 16, 1937; Chem. Abs., 32, 312 (1938). (3erman P. 661,680, 
June 24, 1938; Chem. Abs ,32t 8706 (1938). For irradiation of oxidized cholesterol, E. I. du Pont de 
Nemours and Co., British P. 485,452, May 17, 1938; Chem. Abs., 32, 8081 (1938). 
w Ernotte, M.. French P. 796,101, Maich 30, 1936; Chem, Abs, 30, 56 76 (1936). 
w Waddell, J.. TJ. S. P. 2,028,364; Chem. Abs., 30, 1521 (1936); U. S. P. 2,056,992; Chem. Abs., 
30j 8533 (1936). Pacini, A. J., U. S. 'P. 1,880,977-8; Chem. Abs., 27| 567 (1933) proposed the irradi- 
ation in the pre.«it?nce of a sensitizer such as uranium acetate. Cf. the work of Windaus on the course 
of such reactions with dyes as sensitizers. 


N. V. Philips' Glocilampenfabriekcn, British P. 464,066, April 12, 1937; Chem Abs., 31, 6417 
(1937). 

N. V. Philips* Glocnamnenfabiiekcn, British P. 471,994, Sept. IS, 1937; Chem. Abs., 23 . 1408 
(1938); British P. 477,283, Dec. 22, 1937; Chem. Abs, 32 , 3913 (1938). 

See Holmes, A. D., and Pigott, M. G , Biol. Chem., 64 , 263 (1925); Barnes, 0. J., Brady, M. T., 
and James, E. M., Am. J. Diseases of Children, 39 , 44 (1930); 0e Sanctis, A. G., and Craig, J. 0., 
1, Ain. Med. Assoc., 94 , 1285 (1930). For assays of German preparations, sec Heubner, W., and 
Frerichs, M., Arch, exptl. Path. PharmakoL, 165 , 553 (1932); Chem. Abs., 26 , 5127 (1932). 
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Methoi^s for Increasing Vitamin D in Milk, 

Although rickets is not a fatal disease, it has serious consequences. Improved 
methods of treatment and a better understanding of the disease have lessened the 
number of cases in which obvious deformities have been produced. There remain 
many cases in which less evident skeletal changes of the chest may be produced 
which predispose to respiratory diseases and faulty development of the pelvic arch, 
the latter sometimes increasing the difficulties of childbirth. The high incidence 
of the disease has led to much recent work on the development of a safe, generally 
applicable prophylactic to be supplied in the nutrition of all infants of a com- 
munity with the object of rendering subsequent treatment of the disease unnecessary. 
vSince direct sunlight is not in all cases available in the winter months, and arti- 
ficial irradiation of all infants is too expensive to be feasible, the vitamin must be 
supplied in the food. The only food given infants of the most susceptible age is 
milk, and for this reason it has been important to study its adequacy in the prophy- 
laxis of rickets. Unfortunately, milk is low in antirachitic potency, having only 
about five to ten Steenbock units per quart, whereas an average infant requires 35 
to SO, the equivalent of three teaspoons of cod-liver oil, in order to prevent the 
occurrence of rickets. According to Thomas and Cannon, butter fat may contain 
about one Steenbock unit in 9 grams. Intensive work in the last few years has led 
to the proposal of a number of methods by which the antirachitic potency of milk 
may be rendered adequate,®® 

These may be classified as follows: 

1. Treatment of the Cow 

A. Irradiation 

B. Addition of vitamin D to the food as 

1. Irradiated ergosterol 

2. Irradiated yeast 

3 Irradiated molds or other products 

4. Irradiated natural provitamin 

5. Concentrates from natural sources 

IL Treatment of the Milk 

A. Addition of Vitamin D as 

1. Irradiated ergosterol 

2. Irradiated natural provitamin 

3. Concentrates from natural sources 

B. Irradiation 

Antirachitic milk has the vitamin in an essential food which also supplies the 
necessary calcium and phosphorus.®® 

Thomas, B. H., and Cannon, C. Y, Jowa Agr. Bxp, Sta. Repot t, 26 (1933), Chetn. Abs., 29, 
3002 (1935). 

General reviews are due to: Oser, B. L., Miik Plant Monthly 23, No. 10, 34 (1934); Chem, Abs., 
28, 7373 (1934); Tonney, F. O., Am J. Public Health, 26, 665 (1936); Olson, T., and Wallis, G., 
S, Dakota Agr. Exp, Sta, Bull. 296, 3 (1935), Chem. Abs., 30, 5666 (19.36), Andresen, O., Arch. 
Kindcrheilk., 90, 65 (1930); Chem. Abs, 26, 501 (1932); Weekd, K. (i., Milk Plant Monthly. 23, 
No. 3, 27 (1934) j Chem. Abs, 28, 3490 (1934): Roadhouse, C. L, Proc 19th Ann Meetino, fVestern 
Division Am. Dairy Sci. Assoc., 109 (1933); Ellington, E. V., Pror. 6th Ann State Coll IVashimjton 
Inst, of Dairying, 17 (1933); Batchelder, E. L., Ibid., 48; 7th Inst., 47 (1934); Aucrliaoher, L. J., 
Med, J Record, Nov. 2, 16 (1932); Bunker, J , and Harris, R. S, New linuland J. Med, 211, 1140 
(1934); Shradtn*, J. H., Arch. Phys. Thcrap. X-Ray, Radium, 15, 709 (1934): Chem Abs. 29, 1861 
(1935); Barnes, IX J., Am. J. Diseases of Children, 48, 1258 (1934); Tohey, J. A., Sth Ann. Report 
N. y. State Dairy and Milk Inspectors, 107 (1934), Chem. Abs , 29, 4465 (1935); Smith, C. A., Milk 
Dealer, 23, No, 10, 38 (1934); McCollum, E V., Ibid., 24, No. 4, 32 (1935); I^on, S K., J. Dairy 
Research, 7, 192 (1936); Kramer, B., and Gittlcman, 1. F., New England Med. J., 209, 9()6 (1933); 
Wyman, E. T., Ibid., 889. 

wHcss, A. F., Am. J. Public Health, 22, 121 (1932). 
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That the potency of a milk depends upon the amount of sunlight to which the 
cow has access has been known since the first observations of the formation of 
vitamin D by irradiation.®'^ Monthly assays conducted over a two-year period by 
Bechtel and Hopper!®*^ indicated variations of as much as 900 per cent in anti- 
rachitic potency of the milk fats. The values were highest in July, August and 
September and lowest in February. Apparently, exposure to sunlight is the factor 
determining the activity of the milk. Guernsey milk varied from 4.8 to 43.8 U.S.P. 
units per quart and Holstein milk from 3.1 to 27.7. Gabathuler®® states that milk 
at Davos in the Swiss Alps is twice as rich in D as milk from the plains. 

Somewhat negative indications regarding the etficacy of irradiation of the cow 
were reported by Steenbock,^®® who was, however, concerned with the calcium 
balance of the lactating c<jw rather than with the antirachitic potency of the milk. 
Gowen, Murray, Gooch and Ames reported that after daily exposures of cattle 
for fifteen to thirty minutes to ultraviolet rays, it was possible to cure rickets in 
chicks by feeding their milk. Similar results were reported by Falkenheim, Voitz. 
and Kirsch.^®^ Hess, Weinstock and Sherman found irradiation of a nursing 
human mother to increase the antirachitic potency of her milk. 

Irradiation of cows has been said also to increase the milk production by 4.77 
per cent and the butter fat by 8.73 per cent.^®^ Biingcr,^®^ however, was unable 
to observe significant changes in the amount of milk, its fat content, or mineral 
content or vitamin content in cows confined in stalls and irradiated either on the 
back, udders or both back and udders. The daily doses used varied from ten minutes 
at 100 cm. to thirty minutes at 75 cm. The irradiation period lasted about two 
months. 

In experiments of Mitchell, Eiman, Whipple and Stokes,^®® carlion arcs were 
hung so that the arc formed opposite the under side of the cow^s body about midway 
from front to back, providing a good exposure of the udders and more tender side 
of the body. The arcs were about 25 inches from the animals and at this distance the 
total ultraviolet intensity between 2000 and 4000A was 6400 microwatts per sq. cm. 
or 640 ergs per sq. mm. Each cow was irradiated for fifteen minutes each day on 
one side only. Rat assays gave an average of 22 units per qt. (controls 5 units per 
qt.) This milk had similar protective power on infants to irradiated milk, and 
appeared also to have curative power in florid rickets, although its action was 
somewhat slower than that of other antirachitic agents. 

Hess pointed out that this method is suitable for carefully controlled herds pro- 
ducing certified milk. It may also be of value in smaller communities where 
large-scale equipment for the irradiation of milk appears to be too expensive. 

It has been shown possible to increase the vitamin D content of butter fat 

8^ Luce, E. M.. Biochem. J., 18, 1279 (1924); Chick, H.. and Roscoe, M. H., Ibid,, 20, 632 (1926). 

Bechtel, H. E., and Hoppert, C. A., J. Nutrition, 11, 537 (1936); Chem Abs , 30, 6044 (1936); 
Campion, J. E , Henry, K- M., Kon, S. K., and Maemtobh, J., Diothcm, J., 31, 81 (1937). 

8® Gabathuler, A., Z. Vitaminkunde, 1 (1931); Chem. Jbs., 27, 5 1 02 (19 3 3) 

^8® Steenbock, H., Hart, E. B., Humphrey, G. C., Elvehjent, C' A , and Scotl, H T., !. Biol. Chem., 
67, 371 (1926); Hart, E. B, Steenbock, H., and Scott, II. T., Ibid., 66, 441 (1925), 73, 59 (1927). 

Gowen, J. W., Munay, J. M., Gooch, M. E., and Ames, 1^, B., Science, 63, 17 (192 6). 

Falkenheim, C., Voita*, W., and Knsch, W., Kim. H^ocJuchr , 5, 2071 (1926), Chem. Abs , 21, 
761 (1927). 

Hess, A F., Weinstock, M., and Sherman, E., Proc, Soc. Biol Med., 23, 636 (1926). 

Ittuchi, K., and Mitamura, K., /. Faculty Agr. Hokkaido Imp. Vmv., 24, Ft. 2, 39 (1928); Chem 
Ahs„ 23, 2222 (1929). 

Bunger, H., Zuchtungskunde, 5, 424 (1930); Chem. Abs., 25, 3409 (1931). 

'W Mitchell, J. M., Eiman, J., Whipple, D. V., and Stokes, J., Jr., Am. J. Public Health, 22, 
1220 (1932). 
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by feeding the cow irradiated ergosteroh^®^ The ergosterol need not, how- 
ever, be isolated from the yeast before irradiation* Indeed, it has been stated 
that irradiated yeast is more effectively utilized* 

The irradiation of dried yeast was described by Kirsch.*^ Previously, there had been 
patents for the treatment of various yeast extracts. Feher^®* boiled yeast with alkali, 
mixed it with organic solvents and separated and ci*ystallized the upper phase* The 
recrystallized material was irradiated in thin layers and incorporated into cocoa butter 
and pressed into tablets. The Merck Co.^^® proposed to treat only the non-saponifiable 
constituents of the yeast fat. MacLean ^ described an activated medical product obtained 
by incubating yeast in solutions containing phosphate and carbohydrate and subjecting 
the resulting sterols and fat to ultraviolet light. Autolyzed yeast has also been activated.^^* 

The direct irradiation of layers of yeast about 0.1 inch thick at about a foot from 
a Hanovia burner was patented by Hall.^* Favorable reports on the irradiation of beer 
yeast with wave-lengths 2970 to 3020 A were rendered by Schtibel and Gehlen.“* Accord- 
ing to Coward/'” exposure to strong sunlight suffices. The ability of irradiated yeast to 
protect young rats has been repeatedly demonstrated, and the material retains its potency 
for months^ or even years.'^® Kon,”^ however, noted a toxic effect to follow the p*"®* 
longed administration of this material at a 1 per cent level, although Matzko’^'’ did not 
observe this in the case of the use of customaiT amounts of a bakers’ yeast irradiated 
to a potency of 5,000 to 10,000 units per gram."® 

The daily administration of 500 I.U. of the vitamin in irradiated yeast during the 
five winter months to 69 normally growing infants protected them from moderate or 
marked rickets, and definite healing could also be effected within a month in marked 
rickets by this dose or its double.'^ 

The addition of irradiated yeast to the diet of cows was not found to alter 
either the assimilation of calcium and phosphorus or the quantity or quality 
of the milk by Hart, Steenbock, Kline and Humphrey.^ Kieferle agreed 
that there is no increase in the milk yield, but found an increase in its D content 
and a shortening of the lapse in the lactation period. The melting point of the 
milk fat was increased slightly and there was a slight decrease in the refractive 
index and in the Reichert-Meis.sl number. Others, however, have claimed to find 
an increase in the secretion of milk.^^**^ Kroon found the increase as much as 

10^ Thomas, B 11, and MacLeod, F. L., Science, 73, 618 (1931). Gerstenberger, H. J., and 
Horosch, A. J., f/. Nutrition, 5, 479 (1932); Chem. Ahs , 26, 5616 (1932)] found that milk from cows 
receiving latRc daily do8e,s (200,000 rat units) was only mildly antirachitic, 9 quarts being slightly 
less active than a teasi»oonful of cod-liver oil. 

Kirsch, Vy., Biochem. Z , 196, 294 (1928) 

looPcher, G., Hungarian P. 100,696, Aug. 4, 1927; Chem. Ahs, 25, 2524 (1931). 

Merck Co., British P. 285,083, Feb 9, 1928, diem. Abs., 22, 4726 (1928); Brit. Chem. Abs„ 
B, 264 (1929). 

MacLean, L S, British P 295,757, May 23, 1927; Brit. Chem Abs, B, 797 (1928). 

Matsuoka, H., Trans. Tottori Agr. Sci., 3, 32 (1931); Chem, Abs., 26, 1645 (1932). 

flail, P., British P. 354,371, May 8, 19.30, Chem. Abs. 26, 3870 (1932) 

Schubel, K., and Gchlcn, W., Arch, Exptl. Path. Pharmakol., 166, 348 (1932) ; Chem. Abs., 26, 
5611 (1932). 

11® Coward, K, Lancet, II, 920 (1933); Chem Ab.r., 28, 509 (1934) 

n® Vadimov, V,, Vornava, A , and Semashko, V., Elektrtsikateva SeTskogo Khosyaistva, 2, No. 8, 20 
(1932); Chem. Abs., 27, 1032 (1933). 

ii'^Kon, S. K., Lancet, II, 579 (1931); Chem. Abs., 27, 3242 (1933). 

n® Matzko, S. N., Arch Tieremahrung Ticrsucht., 9, 623 (1933); Chem. Abs., 28, 6177 (1934). 

11® Sveshnikova, N. P., Trans, Dynamics of Development (U.S S.R ), 9, 311 (1935); Chem. Abs., 
30, 3032-3 (1936). 

1“*® Drake, T., Tisdall, F F., and Brown, A, J. Nutrition, 12, 527 (1936); Drake, T., Am. J. Dif- 
eases of Children, 53, 754 (1937) For Russian work on the value of various irradiated yeasts in 
poultry feeding, see Kratinova, E P, and Pokhil. A. T., Prohlrm^ Animal Ilunhandry (D S.S.R,), 
1935, No. 9, 93; Chem. Abs., 30, 2614 (1936); Zavadovski?, M., LepskiL S., Kashcnlnnikova, A., 
Samokhvalova, G., and Balezin, P., Trans. Dynamics of Development (tl.S.S.R.), 9, 269 (1935); 
Chem. Abs., 30, 3032 (1936). 

11^1 Hart, E. B., Steenbock, H., Kline, O. L., and Humphrey, G. C., J. Biol. Chem., 86, 145 (1930). 

11“ Kieferle, Proc. World's Dairy Congr. Copenhagen, Sect. I, 166, 1931; Chem. Ahs., 27, 755 (1933). 

i^aBilek, F., and Hynek, L., Zemed Arch., 22, 449 (1931): Chem. Abs., 28, 3 447 (1934); Poelt, H.* 
Z. Vxtaminforschung. 1, No. 4 (1932); Chem. Abs., 28, 1420 (1934). 

1^ Kroon. H. M., Milchwirtschaft Zentr., 60, 325 (1932); Chem. Abs., 26, 3852 (1932). 



m 


THE CHEMICAL ACTION OF ULTRAVIOLET RAYS 


25 to 30 per cent in the yield of milk as a result of feeding the yeast for three 
weeks after calving* Whatever may be true concerning the effect on the yield 
of milk; there have been many to show increases in the D potency when as much 
as 200 grams are fed daily.^^s Woelffer found ten ounces of yeast of 30 D 
potency given daily to cows yielding thirty pounds of milk gave the milk a 
potency of 160 Stccnbock units per quart. Yeast-fed cows require fifteen to 
tw^enty days to produce milk of the maximum potency, which is approximately 432 
U.S.P. units per quart. High producers are more efficient than low producers in 
transferring the vitamin from the yeast to the milk. For efficient utilization, the 
yeast must be fed at least twice daily.^^r 

Higher potencies can be produced by feeding irradiated yeast than irradiated 
ergosterol as the source of the vitamin.^^® At about 180,000 units per cow per 
day, the potency of the yeast-milk may reach 150 to 160 rat units per quart, 
whereas that after feeding an equivalent number of units of irradiated ergosterol 
contains only 120 to 130. At lower feeding levels, however, the two sources 
are comparable in their results, but only a slight increase in the potency of the 
milk results. When the ergosterol fed was increased to 300,000 units, less than 
2 per cent of the units ingested appeared in the milk. 

There is little doubt that the method is a practical one for enriching the milk, 
but it is not as cheap as the direct irradiation of the milk. Spickard^^® believes 
irradiated milk with but 50 to 60 units per liter as effective as yeast-milk with 
160 units per liter. 

It is also possible to feed the cow irradiated dried molds. Thomas and Cannon ^*® 
find that this has its greatest effect during the first few days of the feeding. After this, 
there is a rapid decline in the amount of the D secreted. In general, they believe the cow 
very inefficient in transferring added vitamin D from her diet to her milk. It is, of 
course, also possible to add concentrates from liver oils or other natural sources to the 
diet of the cow. 

Such concentrates are, however, more commonly added to the milk to avoid the 
inefficiency of the transfer.^^^ Zucker adds a cod-Hver oil concentrate in the proportion 
of one part in 12,000 of milk and obtains probably 150 units per quart, equivalent to 
about three teaspoons of cod-liver oil. Post^*® described concentrates by which milk 
may be fortified to 1500 U.S.P. units per quart. Some ergosterol irradiation products 
have occasionally been suggested. 

Yeast-milk is particularly of value on the certified farm where the ration can 
be thoroughly controlled.^®^ It is scarcely applicable to the general supply of 
cities which may require thousands of farms to meet their demand. For this 
purpose, direct irradiation of the milk is the most suitable method. By this method 

JJ»Lepsky, S., Z, Zucht. B., Tiersiicht., 76, 237 (1933); Chem. Abs., 27, 2987 (1933); Golf. A., and 
Seeling, K,, Btedermann’s Zentr. B,, Tterernahrunu, 6, 65 (1934); Chem. Abs, 2a, 2036 (1934); 
Schieblich, M., Btedermann’s Zentr. B, Ttererndhrttnp , 6, 71 (1934); Chem. Abs, 28, 2036 (1934), 

i«»Woellfer, E. A., Cornell Veterinarian, 23, 313 (1933); Chem. Abs., 28, 3109 (1934); see also 
Smith. C. A., Milk Plant Monthly, 23, No. S, 24 (1934); Chem. Abs., 28, 4458 (1934). 

Krauss, W. E.. and Bethke, R. M., Ohio Agr. E.rp. Sta. Bimonthly Bull., 173, 52 (1935); Chem. 
Abs., 29, 5525 (193$). 

Russell, W. C, Wilcox, D. E., Waddell, J„ and Wilson, L. T, /. Dairy Set, 17, 445 (1934); 
Chem. Abs., 28, 5508 (1934). 

ia»Spickard, V. W, Northwest Med, 33, 204 (1934); Chem. Abs., 29, 4465 (1935). 

Thomas, B. H., and Cannon, C. Y., lotva Agr. Exp. Sta. Report on Agr. Research, 49 (1934); 

26 (1933); Chem. Abs., 29, 3002, 3375 (1935). 

Krauss, W. E., and Bethke, R, M., Ohio Agr. Exp. Sta. Bimonthly Bull, 162, 77 (1933); Chem. 
Abs., 27, 4563 (1933); Krauss, W. E., Bethke. R M., and Wilder, W., J. Dairy Set., 16, 549 (1933); 
Wyman, E. T., New England J. Med., 209, 889 (1933). 

Zucker, T. F„ Am. J. Public Health, 23, 10 (1933). 

"»Po8t. C. I., Milk Dealer, 24, No. 3, 39 (1934); Chem. Abs., 29, 4843 (1935). 

1** Hess, A. F., Lewis, J. M., MacLeod, F. L., and Thomas, B. H., J. Am. Med A^soc , 97, 
370 (1931). 



COMMERCIAL PRODUCTION OF VITAMIN D 


839 


the milk acquires a potency of about 135 U.S.P. units per quart. An outstanding 
advantage of the method is the reduction of the human element of error to a 
minimum by the development of irradiation equipment, mechanically controlled. It 
is also possible that the provitamin in milk is that which on irradiation yields a 
product more suited to the human than that from ergosterol. Hess early showed 
the effectiveness of irradiated dried milk in infant feeding, as well as of irradiated 
yeast. 

Another advantage of irradiating milk is the fact that it contains but a limited 
(quantity of the provitamin so that too high a potency cannot be attained, thus 
avoiding any danger of an overdose.^ Its use also requires no cooperation on the 
part of the mother and eliminates the giving of cod-liver oil. 

In 1925, Steeiibock, Hart, Hoppert and Black found it possible to increase 
the antirachitic potency of cow milk more than eight times by exposing it to a quartz 
mercury arc. That of goat milk could be increased twenty -four times. Milk irradi- 
ated on a large scale by the methods of Supplee and Dorcas has been extensively 
studied in the laboratory and clinic by Hess and Lewis who find it a highly 
effective and reliable antirachitic agent. A quart or even less of the milk daily 
sufficed to protect infants from rickets, although this amount contained only 50 units 
as assayed by a standard rat method. The full explanation as to why smaller num- 
bers of rat units are adequate when given in this form than in cod-liver oil has not 
yet been given. That it might be more effective than an equivalent number of rat 
units of irradiated ergosterol could be accounted for by a difference in the 
structures of the vitamins, the human differentiating between these although the 
rat does not. But presumably the natural vitamin in cod-liver oil is the same as 
that of milk so that the doses from the two sources which are equally effective on 
the rat should also be equally effective on the human. This assumption has, how- 
ever, not yet been proved and it must remain an assumption until the vitamin has 
been isolated from irradiated milk and compared chemically with Dg. Other sug- 
gestions for the discrepancy may be offered. It may be related to tlie presence of 
other substances in the milk and in the cod-liver oil which alter the ease of absorp- 
tion of the vitamin.’’^® Supplee, Ansbacher, Bender and Flanigan attribute the 
unexpected effectiveness of irradiated milk to the formation of a ^^symplex system^’ 
between the vitamin and a colloidal carrier such as lactalbumin. This they believe 
can form only in lip id-free lactalbumin. When lipids are present, the vitamin 
merely dissolves in the prosthetic group or lipid associated with the lactalbumin. 
This they suggest accounts also for the observation of Lewis that vitamin D 
administered in the water phase with propylene glycol with accompanying milk 
constituents is more effective than when it is carried by an oil vehicle. Ansbacher 
and Supplee had found that about 18 per cent of the total milk cholesterol is associ- 

A. F., J. Am. Med. Assoc., 89, 337 (1927); see also Eddy, W. H., Arch. Pediat.,A^, 
320 (1927); Supplee, G. C., and Dow, O, D., Am. J. Diseases of Children, 34, 364 (1927); /. j$iol. 
Chem., 75, 227 (i927); 73, 617 (1927). 

^»«Mohr. W., Kulteren, S., and Richter, V., Molkerei-Z., Hildesheim, 45, 545 (1931); Chem, Ahs., 
26, 3010 (1932). 

Stccnbock, H., Hart, E. B., Hoppert, C. A., and Black, A., /. BwL Chem., 66, 441 (1925). 

^Hess, A, F., and Lewis, J. M., J. Am. Med. Assoc., 99, 647 (1932). An early German product — 
Hanauer milk — had an activity such that 100 cc. corresponded to 5*6 gram of commercial cod-liver 
oil. Bamberger, P.. Dent. med. lyachschr , 55, 1547 (1929); Brit. Chem. Ahs., B, 637 (1930). 

For evidence of the disparity of doses see, Hess, A. F., Lewis, J. M., McLeod, F. L., and 
Thomas, B. H.. /. Am. Med. Assoc.. 97, 370 (1931): Wyman, E T., and Butler, A. M., Am. J. 
Diseases ofChudren, 43, 1509 (1932); Gcr.stenbcrgcr, H., and Horesh, A,, /. Nutrition, 5, 479 (1932); 
Hess, A. F., and Lewis, J. M., J. Am, Med. Assoc., 99, 647 (1932); 101, 181 (1933). 

1*® Supplee, G. C,, Ansbacher, Bender, R. C., and Flanigan, G. E., J. Biol. Chem., 114, 95 (1936); 
Ansbacher, S., and Supplee, (j. C^.. 7. Btol. Chem, 105, 391 (1934). 

Lewis, J, M., 7. Pediatrics, 6, 362 (1935). 
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ated with proteins, chiefly lactalbumin. It is to this prosthetically bound, choles- 
terol-like lipid, rather than to that free in the butter-fat, that they attribute the 
ability to form, on irradiation, a particularly effective antirachitic agent. 

Before describing the methods employed by Supplee and others, brief mention 
will be made of the difficulties which must be overcome and of some of the methods 
proposed in Germany and elsewhere. The early attempts to irradiate milk were 
usually marked by a tendency to overirradiate it witli resultant deterioration in odor 
and taste. Schultz attributed this to the action of hydrogen peroxide upon the 
protein and found that this change did not parallel the production of the antirachitic 
potency. The irradiation of the cream alone did not affect the taste. He claimed 
that 15 grams of irradiated protein-free milk-fat cured rickets in children.^^''* As 
yet, however, relatively little is known as to the nature of the deterioration due to 
overirradiation. Energy between 2600 and 3100A appears less active in flavor 
production than that of wave-lengths shorter than 2600 A. The range from 3100 
to 3800A is more active in causing flavor changes than that from 3800 to 7000A'.^‘*^ 
Anderson and Triebold^^® passed milk through a commercial irradiator eight 
times and could detect no marked changes in the chemical composition or in 
the fat constants. Although the induction period for the oxidation of the fat was 
reduced from twenty to seventeen hours by irradiation, the rate of deterioration 
over a period of six months was unchanged. Digestion studies in vitro with pepsin 
and with trypsin indicated a slightly increased rate in the early stages due possibly 
to the destruction of an antienzyme. Hoffman used a mercury-argon discharge 
tube which emits little heat radiation in the effort to lessen the changes in taste. 
To overcome the difficulty of a lack of penetration of the milk by the effective rays 
(not over 0.1 mrn.), he arranged to have it flow through an adjustable slotted dis- 
tributor onto a cylindrical net of narrow-mesh wire in the center of which was 
placed the source. For treating raw milk, he conducted the process in the presence 
of an inert gas to avoid the destructive action of ozone on vitamins A and C, 

Commercial milk irradiation appears to have been first carried out in Germany. 
It is not feasible to give the details of the apparatus there suggested."*^® 

The Dry Milk proposed to spray the milk (liquid or powdered) before 

the source for a period as short as eight seconds which, with the intensities used, 
permitted the development of 75 per cent of the possible antirachitic potency before 
the formation of a disagreeable odor or taste. Most irradiate the milk in thin flow- 
ing films. 

Salmony-Karsten believed it necessary to use an inert gas to exclude oxygen 

.Schultz, 0., M%khw. Forsch,, 4, 37 (1927); Ckem. Abs., 21, 3631 (1927). 

Schultz, O., Klin. IVocksckr., 6, 848 (1927); Schultz, (')., and JRohr F., Deut. med. Wochschr., 
33, 1255 (1927). 

ju Weckel, K G., Jackson, H. C, Haman, R., and Steenbock, H., Ind. Eng. Chem., 28, 653 (1936), 
Anderson, A K., and Triebold, H. O.. 7 Dairy Set, 15, 469 (1932); Chem. Abs., 27, 784 (1933). 

1*® Hoffman, Proc. 8th World Dairy Conference, 460 (1928); Chem. Ah^ , 23, 5491 (1929). 

»«From, V. C., Rowley, C, D., and Larsky, A. W., Bntjsh P. 346,682, Oct. 15, 1929, Chem. Abs., 
26, 537 (1932) soecify the simultaneous use of infrared rays. 

^"Gcffcken, H H, and Richter, PI., German P. 557,334, Maich 19, 1927: 545,080, March 19, 1927; 
545,886, Jan, 3, 1928, Lowenstein, L., German P. 552,263, Tune 6, 1928, Chem. Abs., 27, 353 (1933); 
Schindler, A., German P. 572,491, Feb. 8, 1927; Wiegamf, K., German P. 541,991, Oct 30, 1927; 
553,016, Dec 21, 1927; Ried, O, Austrian P. 116,463, Sept. 15, 1929; Chem Abs., 24, 2837 (1930); 
Kirsch, W., Chem. Fabnk. 150 (1928). 

British P. 298,585, June 11, 1927, to Dry Milk Co.; Brit. Chem. Abs., B, 911 (1928). 

^Trebler, H. A., U. S. P- 2,001,555; British P, 428,434, May 13, 1935. In this a single unit 
irradiates seveial flowing sheets of milk. Trehler, H. A., and Larsen, C. J., U. S. P. 2,018,332; 
British P. 432,011, July 18, 1935; see also Robhfison, F. W., and Larsen, C. XJ. S. P. 2,051,395; 
Tuny, L., British P. 441,524, Tan. 21, 1936; Bemdt, E. C, and Cteigbton, H. M., U. S. P. 2,065,054-5, 
Chem, Abs., 31, 773, 2701 (1937); Henszey, R. O., U. S. P. 2,060,865, Chem, Abs., 31, 1665 (1937). 

Salmony-Karsten, A., Chimie et Industrie, 22, 259 (1929); Chesney, J., U. S. P. 1,723,603, 
Aug. 6, 1929; Chem. Abs., 23, 4512 (1929) also excluded air. 
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and also to add a means for cooling the milk during the process. Hickman and 
Hickman pointed out that exclusion of air is unnecessary when the milk is 
exposed while flowing in a thin film on one side of a i^ilk cooler. The irradiation 
is for a period of 8 to 30 seconds at a distance of 1 1 inches from a 2000 c.p. quartz 
mercury-vapor lamp with reflectors. 

Since it is a lipid that is the provitamin, the question has been raised as to 
whether it might not be better to irradiate the cream separately, Essig found 
irradiated skimmed milk to be only slightly protective, although the same whole 
milk when irradiated was highly effective. Kersten and Schultz irradiate the 
cream and then return it to the milk from which it had been separated. 
Recently, however, Supplee gave reasons for believing that the effectiveness depends 
in some manner upon an association of the vitamin with lactalbumin. so that the 
separation of tlie cream seems unnecessary. Furthermore, Dorcas and Supplee 
find that under given irradiation conditions, the potencies which can be attained 
are not in proportion to the amount of fat present. Relatively high potencies are 
shown in samples with low amounts of fat. Krauss, Bethke and Washburn, 
find, however, that as the fat percentage increases, the activatability is also 
increased. Still the solids -not-f at fraction of Holstein milk may contain more of 
the provitamin than that of Jersey milk, since the two milks can be activated to 
the same extent even though the Jersey milk contains more fat and has a higher 
original potency. 

Hoefelmayr described the irradiation of condensed, dried or curdled milk. 
Favorable results of clinical studies on the use of irradiated powdered whole milk 
were reported by De Sanctis, Ashton and Stringficld.^®® Weckel and Jackson 
believed the most feasible method of irradiating milk was after evaporation of raw 
standardized milk at 208-210'’F. until it contained 7.8 to 8.3 per cent of fat. The hot 
milk from the vacuum pan was then irradiated by a carbon arc by passage over a 
conical irradiator, after which it was homogenized, canned and sterilized. When 
diluted to the solid content of normal milk, the vitamin potency was ^50 Steenbock 
units per quart, corresponding to 135 U.S.P. units. Cream could be successfully 
irradiated without the formation of undesirable flavors or chemical deterioration. 
Acids developed somewhat more slowly in irradiated than in untreated milk. Sup- 
plee, Bender, Flanigan, Dorcas and Greider find, however, that the irradiation of 
evaporated milk does not result in as high a degree of potency as the irradiation 
of fluid milk when films of the same capacity* are subjected to the same intensity 
and quality of ultraviolet radiations. Since the films of the same capacity of 
evaporated milk are thicker and more dense than those of fluid milk, the penetra- 
tion is correspondingly less. Greater antirachitic potency of evaporated milk may 
he attained by the exposure of thinner films for longer periods of time or by 
increasing the intensity of the source, but it still does not equal that attainable by 

T. O., and Hickman, N. V., British P. 325,470, Sept 12, 1928; Brit. Chem Ahs., B, 
484 (1930). See also Bragg, J. H.. U. S. P. 1,954,065, April 10, 1934, Chem. Abs., 28, 3807 (1934). 

^*3 Essig, B, Munch med Wochschr., 78, 273 (1931); Chem. Ahs, 25, 4924 (1931). 

3M Kersten, G., and Schultz, O., German P. 577,531, June 1, 1933, Chem. Ahs., 28, 541 (1934). 

1*^*' Dorcas, M. J„ and Supplee, G. C., /. Patry Set., 17, 433 (1934). 

^Krauss, W. K, Bethke, R. M, and Washburn, R. G., J. Dairy ScL, 19, 739 (1936). 

10^ Hoefelmayr, K., British P, 265,910, Feb. 12, 1926; Chem. Ahs.. 22, 468 (1928). 

De Sanctis, A G,, Ashton, L. O, and Stnngfield, O. L, Arch. Pcdxat., 46 , 297 (1929); Chem. 

Ahs., 23, 3956 (1929). 

iw Weckel, K. G., and Jackson, H, C., Natl. Butter and Cheese J., 25, No. 11, 24 (1934); Chem. 
Ahs., 28, 5857 (1934); H'tscansm Af/r. Exp. Sta., Bull. 428, 33 (1934); Chem. Ahs., 29, 3052 (1935), 
G. C., Bender, R. C., Flanigan, G. E., Dorcas, M. J., and Greider, C. E., J. Dairy Set., 

♦ The capacity is the film thickness times the distance of film travel. 
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the irradiation of fluid milk films. The degree of activation imparted to evaporated 
milk is not significantly different when homogenized and non-homogenized products 
are irradiated nor is it affected by varying the temperature between 55 and 165®F, 
The ultraviolet transmission is progressively decreased by preheating to ISQ'T., 
by concentration and by homogenization, as a result of physical changes in the 
inherent milk constituents. 



Courtesy National Carbon Co., Inc. 


Figure 156. Flat Type Milk Irradiating Unit. 

From an engineering point of view the process has been studied most thoroughly 
by Supplee and co-workers. The most significant feature which has emerged 
under commercial conditions (treatment of 1000 lb. lots) is that the time of 
irradiation by either a quartz mercury-vapor lamp or a carbon arc need be but a 
few seconds, obviating changes in taste.^®^ 

The milk in 1000 lb. lots was exposed as a tnovhig film (0.4 mm.) which received 
the rays at constantly changing angles of iucitlence varying from 0 to 90'". The 

i«iSuppJce, G. C.. and Dorcas, M. J, Lait, 14. 1, 125 (1934); Chem. Abs., 28, 3 1 43 (1934); Sup* 

plee, G. C., U. S. P. 1,817,936, Aug. 11, 1931 (to Borden Co.); Chem. Abs , 25, 5477 (1931); Sup- 

HJec, G. C., Dorcas, M. J., and Hess, A. F., /, Bioi Chem,, M, 749 (1932) 



COUMBRCIAL PRODUCTION OF VITAMIN D 


843 


complete cycle of exposure to the range of impingement angles required a period 
of about 0,3 second. The maximum potency was found to be attained within 
the drst few seconds. Over 238 variations in the Mrracliation conditions were 
studied in this investigation. 

There arc two main types of apparatus which are employed in conjunction 
with the carbon arc, the flat and drum types (Figures 156 and 157). Units of 
various capacities have been employed. The capacity may be as low as 625 quarts 
per hour, and from these larger synchronized units may be assembled. A unit 
employed early by the Dryco had a normal capacity for the treatment of more 

than 5000 quarts per hour. 


Figure 157. 

National Type YN Milk 
Irradiating Unit 


Coiirtr<iy National Carbon Co, Inc, 



Supplee, Beck and Dorcas, by comparing the quanta of energy applied per 
cc. with the molecules of vitamin D formed per cc. showed that the potency is 
dependent upon the amount of energy applied, provided that the radiations lie 
within the antirachitic range. It was immaterial whether the energy was from 
the Corex D filtered or unfiltered carbon arc or consisted of reflected rays only. 
This was true within the limits of energy of 409x10'^ ergs (545x10^^ quanta) and 
9486X10^ ergs (12,480x10^'^ quanta). Mica screens which transmit practically no 
energy below 2900 A and only 45 per cent at 3 150 A do not permit any source to 
increase the potency of the milk. The relative effectiveness of an equivalent amount 
of energy from different sources was in the following order : C carbon, Mg carbon, 
mercury arc and Sunshine carbon. ^Vhen time and intensity were taken into 
account for practical purposes the effectiveness of the sources tested increased in 
the order: Mercury- vapor arc, Sunshine carbon arc, magnesium carbon arc and 

W* Mitchell, J. M., Eimati, J., Whipple, D V., and Stokes, J., Jr., Am. J, Public Health, 22f 
1220 (1932). 

Supplee, G, C, Beck, H. H., and Dorcas, M. J., /. Biol. Chem , 9«, 769 (1932). 
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C carbon arc. The use of Corex D filters reduces the amount of energy reaching 
the milk per unit of time and causes a commensurate reduction in the rate of 
building up the potency. The effects of chromium-plated reflectors on the energy 
incident at normal incidence on milk at 61 cm. from an arc have been computed 
by Supplee, Hanford, Dorcas and Beck,^®^ for the wave-length ranges 2, 000-2, 200 A, 
2,200-2.400A and 2,40O-3,0O0A. 

It was found by biological assays that the total quanta which must be applied to 
produce a plus-one line test in the rachitic rat was 5949 X 10^^». From the quantity 
of irradiated milk required and the assumptions that this must be equivalent to 
0,037 of D 2 and that its molecular weight is that of ergosterol, it was concluded 
that there had been produced 4.5x10^^ molecules of the vitamin. (This implies that 
during the first few seconds when a definite amount of energy produces a definite 
amount of vitamin, the quantum yield is low, about 7x]0~®. Compare with the 
high quantum yields reported for the irradiation of ergosterol solutions, chapter 39. 
Evidently much of the energy is absorbed by other constituents of the milk). When 
the incident energy is increased beyond a certain point, 2,000-3,000 x 10^'* quanta per 
cc., little or no additional formation of vitamin occurs or destruction begins within 
very brief periods. The maximum concentration was reached after a total of about 
2.5 million ergs per cc. had been applied. The concentration is then about 2.57 
per liter or practically twelve times that of the untreated milk. 

The reflection of ultraviolet rays from the surface of milk is of the same order 
of magnitude as that from a water surfiace.^®-'^ The degree of reflection increases as 
the angle of incidence decreases. At 75® and 45° incidence, about 3 per cent of 
the energy between 2550 and 3000A is reflected. At 30°, it is about 6 per cent, at 
20° 13.4 per cent, 15° 28 per cent and from a 10° angle about 34 per cent 
Milk films show selective reflection throughout the range of wave-lengths 2550 to 
3300A, most pronounced at angles of incidence of 30° or less. 

Only 20 to 40 per cent of the energy between 2500 and 2850A striking the 
surface of a milk film at right angles on a smooth quartz flowboard are transmitted 
by films 0.02 mm. thick.^®® 

Films 0.11 mm. thick transmit 5 per cent or less of the incident energy within 
these limits. As the fat content of the milk is increased, the transmission is some- 
what decreased. The transmission increases rapidly and progressively in the 
lunger wave length region 2800 to 3.300A 

Under suitable conditions of high intensity, a high degree of activation can be 
obtained from exposures varying from less than a second to not more than two 
seconds. It is probable that the reaction occurs chiefly at the moving surface since 
extremely thin but slow-moving films showed a lower degree of activation after 
momentary exposure than did thicker but faster-moving ones. With high intensities 
it is also possible to produce measurable antirachitic properties in milk derivatives 
containing little or no butter fat.^®"^ Studies on the influence of various changes in 
film capacity, (that is film thickness X the distance of film travel), have also been 
reported. 1 ®® 

Whole milk irradiation units arc made by the Cherry-Burrell Corporation, the 
Creamery Package Manufacturing Co}^ and the Hanovia Co. (Figures 158 and 159). 

Supplee, G. C., Hanford. Z. M., Dorcas, M. J., and Beck, H. H., 7. Biol. Chem., 95, 687 (1932). 
iw' Supplee, G. C-, and Dorcas, M. J., J Dairy Sci., 17, 607 (1934) 

Dorcas, M. J., and Suppice, G. C., 7. Dairy Sex., 17, 433 (1934). 

Supplee, G. C., Flanigan, G. E., Bender, R. C., and Dorcas, M, J., 7. Dairy Set., 17, 483 (1934). 

Supplee, G. C., and Dorca.s, M. J., 7. Dairy Set,, 17, 527 (1934). 

, iw British P. 450,341, July 15, 1936, to Creamery Package Manufacturing Co. 
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In these, the tniik is exposed while flawing on nearly vertical metal surfaces in thin 
Aims of about 300 to 3S0 lbs. per horizontal linear foot per hour. The effective 
distances traversed during exposure range from 9 to 60 inches in different types of 
equipment, using various sources and operating intensities. By means of a reflected 
light beam method, Beck and Weckel^'”^ determined the thickness at various horizontal 
levels of milk flowing by gravity in films of various capacities (lbs. per linear foot 
per houi) over vertical steel surfaces. At 200 lbs. per foot per hour or less, the films 



are of uniform thickness throughout their course of flow. At 300 lbs. per foot per hour, 
the thickness is variably greater in the first two or three inches of travel, but then 
becornes uniform. Under these conditions, the motion is accelerated at a decreasing 
rate in the first two or three inches, after which the flow attains a steady rate. For 
practical purposes, the average time for films of various capacities to traverse given 
distances is diiectly proportional to the distance traversed. A direct proportion between 
travel time and D potency was established This may be due to the fact that the 
flow is turbulent, causing an interchange of substances in the surface zone within which 


Beck, H. H., and Weckel, K. G, Ind Eng. Chetn., 28, 1351 (1936). 

Beck, H. H., and Weckel, K. G., fnd. Eng. Chem. (Aval. Ed.), 8, 258 (1936). 
H. H., Jackson, H. C., and Weckel, K. G., Ind. Eng. Chem., 30, 632 (1938), 


See also Beck, 
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tll« absorption and reaction occurs* The thickness of the film in thousandths of an inch 
ttiay be calculated from the capacity X by the expression: T^l,79 The average 

velocity in inches per second is given by 0.349 The potency has a parabolic 

relation to the amount of active radiation applied, and tlie film capacity-potency rela- 
tion is hyperbolic. O’Brien, McEwen and Morgareidge calculate that if all the pro- 
vita^n in whole milk could be converted, the potency would be 2.0 LU. per gram. Using 
arc inputs of 300 joules per gram, they obtained 1.65 LU. per gram. 



Courtesy Hanovia Chemical and Manufacturing Co, 
Figuke 159. Hanovia Milk Irradiator. 


Outing the commercial irradiation of milk, the destruction of vitamin A is 
insignificant or not measurable, but vitamin C may be slightly affected, although 
to an extent less than the usual variations in non-irradialed milk.^^^ 

The question has often been raised as to whether better prophvlactic results can 
be obtained by irradiation than liy the administration of tlie vitamin in some form. 
Apparently, there is little if any difference, but since radiation therapy is less readily 
available the latter must usually be relied upon in practice.^^^ 


O Bnen, B., McLwen, H. D., and Moigaieidgc, K., Ind. ling. Chem 30 839 (1938) 

»'■■■■ "V- Ml. 'll. 

British Med. B«-search Council. /. Soc. Chem Ind , 48, 279 (1929) Hnrfnr V c ^ t t 

a«r‘a Ta.S'i,S.TS- -i"™" 
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It has been demonstrated by Hume, Lucas and Smith that vitamin D from 
irradiated cholesterol can be absorbed from a small area of undamaged skin in 
amounts sufficient to supply the needs of the rat and rabbit?. Similar results have , 
been recoi'ded by Astrowe and Morgen, by Fodor,^*^® by Amrhein,^^^ and by 
Helmer and Jansen.^®*^ 

The demonstration that the vitamin is absorbed from the skin and the assumption 
that it may exert a beneficial effect on the skin have prompted many proposals for 
its local application. Lorenz and Wodlinger incorporate an irradiated sterol in 
toilet soap during crutching or milling. Cholesterol, phytosterol, zymosterol, etc. 
were irradiated with x-rays, infrared rays or cathode rays. Wearham adds 
ergosterol to the soap or to the fats to be saponified and irradiates the mixture. 

In a cosmetic skin cream, Goodall proposed the use of cottonseed oil which 
had been treated with ultraviolet rays along with a mineral oil and a waxy 
substance. Apparatus for irradiating wool fat or wool- fat alcohols for use in 
cosmetic creams has been described. 

Autolyzecl yeast, mixed with organic solvents and irradiated, has been pro- 
posed for use in treating the skin.^®^ 

F, M, Lucas, N. S., and Smith, H. H., Bwchem. J., 21, 362 (1927). 

A&tiow<‘, P. S., and Moigen, R, A., Am. J, Diseases Children, 49 , 912 (1935); Chem. Abs., 29, 
5158 (1935). 

iwpodoT. M. E., Z. Vitaminfarschung, 3, 241 (1934); Chem. Abs., 29, 5487 (1935). 
i7»Amrhem, F. J., J. Am. Pharm. Aswe., 22, 182 (1934); Chem Abs., 28, 5505 (1934). For a 
review, see Schuler, R., Drug and Cosmetic Industry, 38, 485 (1936). 

^Helmer, A. C., and Jansen, C. H., Studies Inst. Divi Thomae, 1 , 83, 99 (1937). 
i«U.oienz, A. L, and Wodlmger. M. 11., British P. 403,083, June 10, 1932; Chem. Abs., 28, 3261 
(1934); French P. 742,181, March 1, 1933: Chem. Abs., 27, 3632 (1933); Lorenz, A. V. S. P. 
2,060,228 (to Lever Bros.); Chem. Abs, 31, 566 (1937). 

Wearham, J , British P. 403,650, Dec. 20, 1933, Chem. Abs., 28, 3261 (1934). 

Goodall, F. E., U. S P. 3,036,814, May 3, 1927; Chem. Abs., 21, 2171 (1927). 

Leo-Werke. Geiman P. 622,373, Nov. 27, 1935; Austiian P. 137,455, May 11, 1934. 

Bneder IHatsrergyar, R. T., Hungarian P. 114,585; July 1, 1936; Chem. Abs., 30, 7284 (193f>) 



Chapter 41 

Ultraviolet Light and Other Vitamins 


Although some have suggested that vitamins other than D may also be produced 
by the irradiation of precursors,^ no evidence exists for such processes. Sugges- 
tions have been made repeatedly that the formation of vitamins, particularly A and 
C, is in some manner related to the processes of photosynthesis.^ 

Too little is yet known of the mechanism of the photosynthetic formation of 
carbohydrates for definite statements to be made regarding a possible participation 
of either vitamin A or C, but the evidence as yet available is not very strongly 
in favor of this viewpoint. 

Measurements of the ultraviolet absorption spectra of vitamin concentrates have 
significantly aided in the isolation and identification of the vitamins, and studies of 
the destruction of the purified compounds during irradiation have led to definite 
results. 

Vitamin C. Reyher and Mcller ^ observed tliat a prolonged irradiation of milk 
with exclusion of air causes some loss in its antiscorbutic properties. When 
irradiated in an open vessel under conditions in which ozone may be formed, there is 
a complete destruction of the vitamin. The loss which occurs in the practical 
irradiation of milk for the production of vitamin D is not important.** Booth and 
Kon® observed that milk which originally gave the vitamin C test based upon 
the reduction of the indophenol reagent, failed to do so after direct exposure to 
sunlight. Treatment for an hour with hydrogen sulfide restored 90 per cent of 
the original reducing value. The non-restorable loss increased with the duration of 
the exposure, so that after six hours only 50 per cent could be restored by the 
hydrogen sulfide treatment. The destruction follows a unimolecular course. The 
destruction in milk may be photosensitized by lactoflavin.® Indeed, Hopkins main- 
tains that in pure buffered solutions at pH 7.4, ascorbic acid is stable in sunlight, 
although it is rapidly oxidized in the presence of .small amounts of lactoflavin.’'^ 
Ultraviolet light, however, causes a decomposition of /-ascorbic acid, even in the 
absence of oxygen.® This change is also accelerated by lactoflavin, but is retarded 
by acid. Dehydroascorbic acid could not be delected in the products formed. 
This oxidized form is not affected by irradiation. 

Milanesi ® failed in attempts to inert ase the amount of this vitamin in oats by 
irradiation and concluded that it was destroyed or altered by the treatment. 


J Bowden, F P., and .Snow, C. P., Nature, 129, 720 (1932) 

® Heller, V. G., and St. Julian, R. R., J Nnhition, 4, 227 (1931): Chem Ahv 25 
Heller, V. G,, J. Biol. Chem., 76, 499 (1928); Grist. ] W,, and Dye M Ibtd 91 127 (1931)* 
Smith, L. L. W., and Morgan, A. F., Ibid., 101, 43 (1933) ’ ^ ^ 

8 Reyher, P., and Mellcr, B., Khn Wochschr., 5, 2341 (1926); Chem Abs , 21, 2149 (1927). 

‘Ilottinger A. Kto., W'ortjrfcr * 1793 (1927) ; Abs.. 22. 798 (1928); Supplee, C. C.. and 

Dow, O. D., Am. J. Diseases of Children, 41, 1353 (1931). n * » 

clJn^f\h273' B., Bio- 


«Haiid, D. B. Guthrie, E. S., and Sharp, P F., Science, 87, 439 (1938) 

62S5”l93«*’ 226 (1938); Chem. Abs.. 32, 

f ICelHe, A. E., and Zilva, S. S., Biochem J., 32, 1561 (1938). 

•Milanesi, E., Boll, soc, ital. biol. sper., 3, 240 (1928); Chem. Abs., 22, 3911 (1928). 
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Cultrera found the reducing^ factor of lemon juice to be destroyed by Wood’s light. 
According to v. Euler and Klussmann,^^ the optical activity of hexuronic acid 
decreases when it is kept in a current of oxygen under ultraviolet rays. Ascorbic 
acid is now known to have an absorption maximum at 2600 A in water and at 
2630 to 2650A in alcohol.^^ 

Eggleton and Harris conclude that light is unnecessary for the natural 
synthesis of this vitamin. Irradiation of infant food did not increase its content 
of ascorbic acid. Mercury-arc irradiation of cabbage in which the vitamin ha4 
been destroyed by heat gave but a doubtful regeneration. Irradiation has no cura- 
tive action on scorbutic animals. Heller has claimed that the formation of 
vitamin C (and also A), although it occurs during the germination and early 
growth of seedlings in darkness, is accelerated by exposure to light. Similar obser- 
vations have since been reported by Matsuoka and by Lee and Read.^*^ Virtanen 
and Eerola lend to ascribe such results to an effect of temperature rather than 
light, at least in the case of the pea. 

It has been claimed that a brief irradiation by ultraviolet light of the skin of a 
guinea pig increases its ascorbic acid content, although a longer one (25 minutes) 
decreases it.^® 

The claim of Rygh that vitamin C could be obtained by the irradiation of nar- 
cotine derivatives has since been refuted.-^ It appears to have been based upon 
unsuitable biological testing of the irradiation product. 

Several observers have noted irradiation, particularly with visible light in the 
presence of a photosensitizer such as methylene blue, to lower the redox potential 
of ascorbic acid.^- It has l)een proposed to take advantage of this property in a 
method for the assay of ascorbic acid in tissues.^^ Cornbleet finds irradiation of 
skin to lower its ascorbic acid content. Pigmented skin has more ascorbic acid 
than fair skin. Burtiiana believes it posvsilde to determine the vitamin C content 
of milk by comparing the reduction of iodme before and after the exposure 
of the milk to sunlight.^® 


('ulOera, R., Ind ilal. consctvr aliment, 9, 9 (19.34); Ckem. Ahs , 28, 3763 (1934). 

V. Eulci, II,, and Klussmann, E., Svensk Kcm. Tid., 44, 290 (1932); Chem. Abs., 27, 4566 (1933) 
Herbert, R, W, and Hjr.st, E. L., Nature, 130. 205 (1932), B'unhcm J., 29, 1881 (1935); Bow- 
den, F. P, and Snow, t, . P,, Mature, 129, 720 (1932); Karrct, P., Schwarzcnhach, CJ., and Schopp, K., 
Helv, Chim. Acta, 16, 181 (1933), RobeUson, E. B, /. Sot Chem Ind, 53, 27 7 (1934); Plant, P., 
Bulow, M., and Prucknei, F., Z, physiol Chem, 234, 131 (1935). 

13 Eggleton, P., and Hams, L. J., Bnt Med J , II, 989 (1925), Chem. Ahs., 20, 1651 (1926). 

1* Holtz, P,, and Wollpert, K, {Arch. Evptl. rath. Fharmakol., 182, 164 (1936)3 believed it to 
cause some delay in the onset of scuivy 

^»Hdler, V. G. /. Biol Chem, 76, 499 (1928). 


Matsuoka, T., Mem. Coll. Ayr. Kyoto Imp. Vniv., 24, 37 (1932); 35, 93 (1935); Chem. Abs., 27, 
2180 (1933); 30, 139 (1936); /. Agr. them. Soc. Japan, 9, 81 (1933); 12, 1203 (1936), Chem. Abs., 
31, 3103 (1037). 

Lee, Wei-Yung. and Read, B, E., /. Chinese Chem. Soc., 4, 208 (1936); Chem. Abs, 31, 430 
(1937). See also Tsuge, H., and Kurihara, K. Sei-t-kai Med, J , 56, No. 6, 894 (1937); Chem Abs , 
31, 8610 (1937); Random, L., Giroud, A., and Ratsimanianga, R, Compt rend. soc. biol., 126, 1068 
(1937), Chem. Ahs, 32, 2570 (1938). 

Virtanen, A. 1., and Eerola, L. V, Suomen Kemishlehti, 9B, 13 (1936); Chem, Abs, 31, 2254 
(1937). See, however, Veselkin, N. V,. Lvubimenko, V, N., Bulgakosa, S P., Tichalskaya, V. V., 
and Engel, P. S., Isv. Nauch. Inst. Lesgafta, 17, 389, 405 (1934); Chem Abs., 31, 6696 (1*937). 

rastcllini, I’,, Giorn. Ual. dermatol. stfiloL, 77, 967 (1936); Chem. Abs., 32, 226 (1938). 

«>Rygh, O., Rygh, A., and Laland, P„ Z, physiol, Chem,, 204, 105; 211, 275 (1932). 


^^Westin, (} , Z. Vitaminforsch., 2, 1 (1933); Chem. Abs., 27, 4 5 60 (1933), Shimada, J,, /. Bio- 
chem. Japan, 17, 395 (1933); Chem. Abs., 27, 5103 (19.33). 
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6794 (1934); Lund, H, and Lieck, H., Skand. Arch Phvsiol., 74, 269 (1936): Martini E.. 
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Vitamins of the B Cbroup. During the early difficult period when the multi- 
plicity of the water-soluble vitamins other than ascorbic acid was being investigated 
and when but two such products were definitely recognized, attempts were made, 
in anticipation of any knowledge of their structure or absorption spectra, to differ- 
entially destroy one but not the other by the aid of ultraviolet light This treatment 
was intended to be applied to yeast used in experimental diets for the production 
of deficiencies, the growth factor other than Bj being the more susceptible.^® 
Kennedy and Palmer ^7 doubted that such methods could be relied upon, since both 
factors could be destroyed, but with varying ease. Hogan and Hunter showed 
that autoclaving had the opposite effect, destroying the antincuritic factor more 
rapidly than the growth factor. Hogan and Richardson claimed to have attained 
satisfactory results in the destruction of the antidermatitis factor by mercury-arc 
irradiation. Guerrant and Salmon found the destruction of the growth-promoting 
factor to proceed more rapidly when the irradiation was applied to an alkaline 
solution. After the later recognition of the flavins a.s growth-promoting factors, 
Hogan and Richardson®® reinvestigated the matter and concluded that in irradi- 
ation of the diets both the flavins and an unidentitied factor essential for the pre- 
vention of dermatitis are destroyed. It has since been shown by others that the rat 
antidermatitis factor is pyridoxinc [2-methyl-3~hydroxy-4,5-di- (hydroxymethyl )- 
pyridine]. In the determination of its structure, ultraviolet absorption spectra gave 
important information. Nicotinic acid, the antipellagra factor, has an absorption 
maximum at about 2600A.®^ 

Contrary to these observations, Hallklay and Evans state that none of the 
factors present in brewers' yeast extract was destroyed by ten hours of irradiation. 
Doubtless this result is to be ascribed to the presence of substances in the extracts 
which act as internal filters. It is now known that P>i (thiamine), the flavins 
and nicotinic acid can be destroyed when solutions of the pure substances are 
irradiated by ultraviolet light (visible light in the case of the flavins). Gyorgy 
finds a pellagra-preventing factor to be destroyed by visible light, at tlie same time 
changing from yellow to brown. 

Before the chemical purification of Bi concentrates had advanced to a stage in which 
sulfur was recognized as a constituent of the compound, attempts w^crc made to prepare 
the vitamin from various precursors. Heyroth and Loofbourow “ called attention to the 
resemblance of the ultraviolet absorption spectra of highly pun bed concentrates 
to the spectra of purines and pyrimidines and noted that irradiation of the latter 
with ultraviolet light from which the shorter wave-lengths had been excluded seemed 
to increase the resemblance. They showed, however,^ that irradiated nucleic acids 
and irradiated uracil lacked antincuritic and growth-promoting properties. Guha 
claimed to have been succe.ssful in producing the antincuritic vitamin by the irradia- 
tion of adenine. Other workers confirmed the observations of Heyroth that the vitamin 


“Hogan, A. G., and lltmter, J. E., /. Biol. Chem., 78, 433 (1928). 

’w Kennedy, C., and Palmer, L. S , Biol. Chem., 83, 493 (1929) 

“Hogan, A. G., and Richardson, L. R., Mo. Agr. Exp. Sta Research B%ll,, 178, 3 (1932) 
“Guerrant, N. B., and Salmon, W. D., J. Biol. Chem, 89, 199 (1930). 


“Hogan, A. G., and Richardson, L, R., Nature, 136, 186 (1935); Science, 83, 17 (1936): Mo. Agr. 
Exp. Sta., Bull. 340. 26 (1934). 

“ Compare the absorption of .i growth factor called by Kancr, P., and von Euler. H.. Arch. 
Kemi, Mtneral Gcol., tlB, No. 16 (1933); Chem. Abs., 27, 5101 (1933). 

“ Halhday, N., and Evans, H. M., J. Biol. Chem., 118, 255 (1937). 

**Gy6rgy, P., Bioehem. J., 29, 767 (1935) 


8^ Heyroth, F. F., and Loofbourow, J. R., Bull Baste Science Research. 3, 237 (1931), 
119^09^2?^' Loofbourow, J R., Nature, 131, 92 (1933); Bull. Baste Science Resrateh, 4, 


Giriia, B. C Nature, 130, 741 (1932) Bonner, T., and Greene, T.. IBotan Gas 100 99A i'lO'iR)* 
Chem. Abs., 32, 9185 (1938)] believe the tbiamm content of pea plants increases in light. ’ 
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cannot be produced by the irradiation of a simt>le purine or pyrimidine and Guha and 
Chakravorty •* later admitted that irradiated adenine does not cmre avian polyneuritis, 
although they still believed it to have growth-promoting propeijties. This Schultz and , 
Laquer suggest may have been due to a cont^ntnation of the adenine used by one of the 
growth-promoting vitamins of the B group. 

Heyroth and Loofixjurow later studied samples of crystalline thiamine (Bi) as well 
as concentrates of varying degrees of purity. It was shown that pure thiamine had 
absorption maxima at about 2650A and 2350A. Ultraviolet irradiation de>stroys the 
physiological activity and reduces the extinction coefficients.*® An oxidation product, 
thiochrome, which has an intense fluorescence employed for assay purposes, is rapidly 
destroyed by ultraviolet light." 

Absorption studies and observations of the destructive effects of irradiation with 
visible light have played an important part in the development of our knowledge of 
the flavins as growth-promoting vitamins. The brilliant green fluorescence of 
these materials led to their discovery and guided , their isolation. That the flavins 
in aqueous alkaline solution could be photochemically inactivated by visible light 
was shown in one of the first papers dealing with these substances.'^^ 

During this process there was produced a colored substance soluble in chloro- 
form, which came to be known as a lumiflavin or lumichrome.**® 

It was shown by Kuhn and Wagner-Jauregg that the photolysis consists in 
the splitting off of an oxygen-rich, nitrogen-free group of atoms: 

Cl7^20^4^6 ^4^804 ^131112^402 

Lac to flavin Lumilacto flavin 

Other flavins, such as uroflavin, maltoflavin and hepatoflavin were shown to 
undergo a similar photolysis,^® which involves the loss of a sugar-like side-chain. 
In searching for analogies for this behavior, Kuhn and Bar showed that when 
2-tetraoxybutylquinoxaIine is irradiated in alkaline solution, the tetraoxybutyl 
residue held on a carbon atom is replaced by an atom of hydrogen with the forma- 
tion of the chloroform-soluble quinoxaline. In this case, however, the original com- 
pound was colorless so that it was necessary to employ ultraviolet light. 

Similarly, Ohle^’^ found the closely related 3-tetraoxybutyl-2-oxyquinoxalme 
loses not four but three carbon atoms as glycerin and yields 2-oxyqumoxaline-3- 
aldehyde. Irradiation of an alkaline solution of pentahydroxyamyl-benzimidazole 

Schultz, F., ami Laquer, F., Z physiol Chew., 219, 158 (1953); Suie, B., Bwchem. 27, 2043 
(1933); Yanuimotn, R., and Vamagishi, T, J. Aqr Chem. Soc. Japan, 9, 749 (1933); Chem. Abs., 27, 
5381 (1933) Tt was eaily shown that irradiation of a polyncuntj(i animal has no favorable effects 
Krizenecky, J., Arch, ges. Physiol, (PflugePs), 204, 407 (1924); 211, 663 (1926); Chem. Abs., 20, 1437 
(1926). 

Guha, B r., and Chakravorty, P. N., Nature, 132, 447 (1933), J Indian X hem, Soc., 11, 195 
(1934); Chem. Abs., 28. 5 5 03 (193 4), 

Heyroth, F. F., and Loofbourow, J. R., Bull Basic Sci. Research. 4, 35 (1932); Nature, 134, 461 
(1934); Biorhem J., 30, 651 (1936), See also Peters, R, A., and Philpot, J,, Pror, Roy. Soc^ B113, 

48 (1931); Hobday, E R., Biochem. J., 29, 719 (1935); Wmterstemer, 6., Williams, R H., and 
Ruehlc, A. E., /. Am. Chem. Soc., 57, 517 (1935). 

*0 Heyroth, F. F., and Loofliourow, J. R., /. Am. Chem. Soc., 56, 2010 (1934); Kakefuda, H., 
Fukuoka Acta Med., 27, 99 (1934); Chem Abs., 29, 627 8 (193 5). 

("Itto, H., and Rithmekorb, F., Klin. Wochschr., 17, 1246 (1938); Chem. Abs., 32, 9133 (1938). 

Kuhn, R., Gydrgy, P., and Wagner-Jauregg, T., Ber., 66, 317 (1933). 

"Ellingct, P., and Koschara, W., Ber., 66, 808, 1411 (1933). 

«Kuhm R., and Wagner-Jauregg, T., Ber., 66, 1577 (1933); Kuhn, R., Rudy, H, and Wagner- 
Jauregg, T., Ber., 66, 1950 (1933). 

« Stern, K. G., Nature, 133, 178 (1934); Koschara, W., Z. 

H., and Gmuon, B., Compt. rend., 200, 2116 (1935); Chem. 

^Knhn, R,, and Bar, F., Ber., 67, 898 (1934). 

^»Ohle. H.. Ber., 67, 155 (1934). 


physiol. Chem., 229, 103 (193 4); Bierry, 
Ahs., 29, 6911 (1935). 
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gives a small amouiit of beixziniidazole ; the main photochemical product was not 
identi6ed.^® 

It was later shown by Kuhn and Rudy that during the loss of the sugar-like 
side-cliain in the photolysis of the flavin an alkyl group becomes attached to a 
nitrogen atom. After much further work, it has been shown that luiiiilactoflavin is 
6,7,9*trimethylisoalloxazine.®^ 

In work on the synthesis of substances similar to lactoflavin, Karrer, Schlittler, 
Pfaehler and Benz"'" noted that their synthetic 9-(betahydroxyethyl) isoalloxazine when 
irradiated by sunlight in neutral solution gave 9-methylisoalloxazine. In alkaline solution, 
irradiation gave alloxazine and its 9-methyl derivative. Luniichrome was also obtain^ 
from ovoflavin and lactoflavin.^ Karrer attributes the light-sensitivity of lactoflavin 
to the presence of a single hydroxyl group in the sugar-like side-cham. 

When a synthetic branched-chain flavin, 9-(2',3'-dihydroxy-r-isopropyl)-isolloxa- 
zine, is illuminated in water or methanol solution, it slowly breaks down yielding some 
alloxazine, tlie decomposition appearing to start at the hydroxyl in the 2" position of 
the side-chain. In alkaline solution, however, easily soluble colorless compounds were 
formed by the action of light, and no alloxazine could be detected." The decomposition 
by sunlight of a flavin containing a tertiary hydroxyl group, such as 9-(2'-hydroxy- 
Z-methyl-r-propyl) isoalloxazine, however, shows®® that it is not necessary that dehydro- 
genation occur at the 2' position of the hydroxy side-chain. The rate of decomiiosition 
is much slower with this compound than with flavins containing a primary or a secondary 
group. As with the other flavins, the photolysis proceeds more rapidly in aqueous 
methanol than in water. 

Subsequently, Karrer, Kobner, Salomon and Zebender®" drew more clearly the dis- 
tinction between the decomposition of lactoflavin to lumichrome (that is, alloxazine) 
derivatives which occurs in neutral solutions and that of 9 - 7 -hydroxypropyl isoalloxazine. 
which fails to react in neutral solutions but is rapidly decomposed to alloxazine in alkaline 
solutions. The former reaction is said to be a dehydration commencing by oxidation 
at the i3-CHOHCO.®^ 

Flavins may exert a photosensitizing action upon ascorbic acid since its oxida- 
tion potential falls in light more rapidly in their presence than in their absence.®^ 

The brilliant fluorescence of the flavins has been em[)loyed in this essay, 
and practical rapid methods for the application of the Fhioray lamp to the as.say 
of flavins in milk have ])cen given hy Whitnah, Kunerth and Kramer and by 
Supplee, Ansbacher, Flanigan and Hanford.®^ 


«Kutm, R. and Bar, F, Ber . 67B, 898 (1934); Kuhn and WeyKand, F., Bi’r., 67B, 1939 (1934). 
Knhn, R., and Rudy, H., Bcr , 67, 1298 (19.34). 

Kuhn, R., Reiticmund, K, and Weyff.ind, F., Ber, 67, 1460 (1934); Kuhn, R. and Rudy. H. 
IBer., 67B, 1936 (1934)1 state that lumichrome, similarly formed by irradiation in neutral or acid 
solutions IS 6,7-dimethyIalloxa2ine. 

Karrer. P., Schlittlcr, E, Pfaehler, K., and Benz, F., Hdv Chm Acta, 17, 1516 (1934). 
Karrer, P., and Schopp, K., Hclv. Chttn. Acta, 17, 1557 (1934). 

Karrer, P,. Salomon, H., Schopp, K., Schlittler, E., and Fntzsche, H., Helv. Chim, Acta, 17, 
1010 (1934). 


Karrer, P., and Meerwem, H., Helv Chim. Acta, 18, 480 (1935). 
»* Karrer, P., and Meerwein, II, Hefv. Chim Acta, 18, 1126 (1935). 


Karrer, P., Kobner, T, Salomon, H, and Zehender, F., Helv Chim Acta, 18, 266 (1935). 

Bt For further details concerning the structure of related compounds as affecting the photolysis, see, 
Karrer, P., and Musantc ^ Helv Chim Acta, 18, 1134 (1935), Karrer. P., Kobner, T.. and 
Zehender, F., Ibid., 19, 261 (1936); Karrer, P., and Naef, R., Ibid, 19, 1029 (1936). 

»» Martini. E., Ball soc ital. soc. hipl. sper., 9, 1235 (19,34); ('hem Ahs., 29, 2 5 80 (1935); Sull- 
mann, H., Kltn. Wochschr., 17, 1157 (1938); Chrm Ahs., 32, 8273 (19.38) 

B., Brevm Neerhnd. Physiol. Pharmacol, Microbiol , 4 , 46 (1934); Chem. Abs,, 29, 

Physiol Pharmacol, Microbiol.. 4, 46 (1934); 

18 (1935); Om. Abs., 29, 4044, 4790, 5482 (1935); Rec. trav. chim., 54, 1.33 (1935); Bierry, H., 
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Neerland Physiol. Pliar^acol Mi^^^ 5, 77 (1935); Weisl>erg, S. M., and Levin, I., Ind. Eng. 

Chem, (Anal. Ed.), % 523 (1937). ^ 
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« Supplee, G. C., Ansbacher, S., Flanigan, G. E„ and Hanford. Z. M., /. Dairy Sci., 19, 215 (1936). 
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It must also be noted that the methods of irradiation which proved so helpful 
in the study of the constitution of the flavins had in fact been based upon similar 
previous observations of the behavior of a yellow oxidation enzyme obtained from ^ 
yeast by Warburg and Christian, and which contains a flavin prosthetically 
bound to a protein. Observations by Theorell show that so long as the active 
group (flavin phosphate) is combined with protein, it is unchanged by light, 
but when liberated in alkaline solution it behaves like lactoflayin. The destruction 
of the flavin or its ester proceeds more rapidly in the presence of oxygen than in 
its absence, but more rapidly in air than in pure oxygen. In an argon atmosphere, 
deuteroleucoflavin phosphate is first formed, and on continued irradiation in the 
absence of oxygen slowly splits to 6,7-dimethylalloxazine ; on the admission of air, 
however, the unchanged leucO“ compound is at once oxidized to deuteroflavin phos- 
phate, which is rapidly split to dimethylalloxazine by light. Therefore, in the pres- 
ence of air the deuterocompounds are not formed. In a strongly alkaline medium, 
the deuteroflavin is changed quantitatively to lumiflavin without the formation of 
dimethylalloxazine. 

Vitamin A. Absorption spectrum studies have played a large part in the study 
of the constitution of vitamin A, as well as that of carotene which may replace 
it in the diet, being converted into the vitamin in the liver 

Morton and Ileilbron showed that vitamin A concentrates exhibit a prominent 
absorption hand at 3285A, the intensity of which accords with the potency as 
determined by the depth of a blue color produced by antimony trichloride. In some 
fish oils, however, as in dogfish oil, the characteristic absorption band may be 
masked by absorption bands clue to other substances. General confirmation of the 
absorption of the vitamin at 3280x\ was given by Drummond and Morton.^® Evi- 
dence has been brought forward recently for the existence in the livers of certain 
fresh-water fishes of a second vitamin A, Ao, with an absorption inaxiraum dis- 
placed to 3450-3500A.«7 

The Hilger Vitameter has been introduced to facilitate the assay of vitamin A 
by measuring the 3280A band/^® In the development of absorption assay methods 

o^WarbuiR. O.. and Christian, W„ Natunviss., 20, 980 (1932); Biochem. Z., 258, 496 (1933); Brit- 
ish P. 430,571, June 17, 1935; Chem. Abs., 29, 73 62 (193 5). 

Theorell. H.. Biochcm. Z„ 2f7% 186 (1935). 

Morton, R A , ‘‘Applications of Absorption Spectia to the Study of Vitamins and Hormones,” 
T.ondon, A IIiIrct, Ltd ; (^hevallier. A, Bull. soc. chim biol., 17, 530 (1935): Rosenthal, J., and 
Wcitnei, M . Bwchem. J , 29, 1036 (193 5), De, N. K.. Indian J. 3/rd Research, 22, 509 (1935). 

»» Morton, R. A, and Heilbron, 1. M, Nature, 122, 10 (1938); Biochem J, 22, 987 (1928). 

Diummr udj J. and Moiton, R. A., Biochem. J.. 23, 78 5 (1929). Morton, R, A., Heilbron, 

I M, and Spring, F S., \Biochcm J., 24, 136 (1930)] an‘'wei certain objections raised by Rosen- 
heim, O , ancl Wcbstei, T A,, Ibtd,, 23, 633 (1929). See also Woodiow, [. W,, and Cunningham, 

11. L., Phys. Rexj., 35, 125 (1930); Woodrow, J. W., and Phihpson, j. B., Proc. Iowa Acad. Sei , 37, 
310 (1930); Cowaid, K, U . J'Jyci, F. J., and Morton, R. A., Biochem /, 26, 1593 (1932); CTievallier, 

A, and Chabre, P,, Biochcm J., 27 f 298 (1933); Josephy, B., Acta Brcvia Neerland. Physiol. Pharma- 
kol. Microbiol.. 3. 133 (1933), Chem. Abs., 28, 2467 (1934); C'lews, S K., and Cox, S. J., Analyst, 

59, 85 (1934); Chem Abs., 28, 27 56 (1934). 

Giliam, A. E., Heilbron, i. M., Lederer, E., and Rosanova, V, Nature, 140, 233 (1937); Edis- 
bury, J. R., Morton, R, A., and Simpkins, G. W,, ibid., 140, 234 (1937); Lederer, E., and Ralh- 
mann, F. H., Biochem. J., 32, 1252 (1938) Compare Gbcvallier, A . and Choron, Y., [Compt. rend., 
Boc. biol., 127, 1443 (1938); Chem. Abs, 32, 6298 (1938)3 who distinguish hemo- and hepato-forms 
of vitamin A. 
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Steenbock, H., J. Biol Chem , 101, 547 (1933); Baumann, C”. A., Steenbock, H., Beeson, W. M., and 
Rupcl, J. W. Ibid., 105, 167 (3934); Shrum, G. H., and How, T, G, Can. J. Research. 13A, 93 
(1935); McFarlane, W,, and Rudolph, L., Sci. Agr., 16, 398 (1936); Chem Abs, 30, 6405 (1936), 
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Eckler, C. R,, Emmett, A. D., Heyl, F. W., Nrilsen, C, and Quinn, E. J, Ibid., 26, 525 (1937); 
Chem Abs., 31, 6274 (1937); Nijveld. W. J., Chem. Weekblad, 34. 379 (1937); Chem. Abs., 31, 
7461 (1937); Leech, W. D., Australian Chem. Inst J. and Proc., 5, 155 (1938); Chem. Abs., 32, 
6281 (1938); McFarlan. R L., and Reddie, J. W., U. S. P. 2,123,573, July 12, 1938; Chem, kbs., 
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accouiit must be taken of the absorption of carotene since that substance is 
physiologpically equivalent to the vitamin. Its absorption spectrum is different,^® 
lacing the band at 3280A, It has bands between 3300 and 3400A and between 
2630 and 2950AJ® The discovery of the conversion of carotene into vitamin A 
in the liver has been followed by spectrographic methods. Capper showed that 
the liver oil of rats deficient in vitamin A lacked its characteristic 3280A band 
and that this was present in the liver oil of rats which had been cured by the 
administration of carotene. Basu*^^ suggested that this change can occur only in 
animals receiving ultraviolet radiations. Bowden and Snow believed that 
irradiation of ;8-carotene in cyclohexane produces a change in the absorption 
spectrum indicative of the production of vitamin A, but Dann believes that this 
is precluded by the fact that the vitamin is more rapidly destroyed than is carotene 
by the 26S0A line. 

The extensive work on the assay of vitamin A by the spectrophotometric 
measurement of the intensities of colors produced on the addition of antimony tri- 
chloride lies beyond the scope of our present discussion. 

The photochemical destruction of vitamin A has been very extensively studied. 
Earlier divergent findings were in large part due to the use of the antimony tri- 
chloride metliod, the results being somewhat masked by the effects of the several 
other chromogens which may accompany the vitamin in the oils and concentrates 
studied. It was first observed by Peacock that the exposure of cod-livcr oil to 
white light caused a loss of its fluorescence and of its ability to give the arsenic 
trichloride test then employed for the determination of the vitamin. The ability 
of the oil to promote growth in rats was lost. Confirmations were reported by 
Holmes and Pigott and Titus, Hughes, Hinshaw and Fitch stated that the 
irradiation of milk by a mercury arc caused a loss of some vitamin A. Zilva'’^^ 
reported that the irradiation of butter with ultraviolet light did not lead to the 
production of toxic substances as had been reported by Spinka."^® 

Willimol and Wokes irradiated cod-liver oil in an open dish only three inches 
from a mercury arc, the temperature rising to 70"'* in 90 minutes. One third of the 
vitamin A, determined by the colorimetric method, was destroyed in the first 
hour and the whole of it in two hours. They also noted that after a few minutes 
of irradiation, a slow dc.struction of the vitamin continued for a long period. Mor- 
ton and Heilbron confirmed the results by noting the disappearance of the band 
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0934); Bot. Gas,, 96 , 447 (1935); Plant Physiol., 10 , 375 (1935); Kairer, P., and Solmssen, U., 
Helv. Chtm. Acta, 18, 25 (1935); Castle, D. C, Gillatn, A. E., Heilbron, 1, M , and Thompson, H. W., 
Biochem. J., 28, 1702 (1934). Carotene may be bleached by ultraviolet lays m ti eating cream fot 
butter-making, according to H. E. Kislncr, U. S. P. 2,119,461, May 31, 1938; Chem. Abs., 32, 5526 


w Capper, N. S., Btochem L, 24, 980 (1930). 

’^SBasu, N. K,, Z. Vttaminforsthunq, 3, 254 (1934); Chem Abs, 29, 5487 (1935), 

Bowden, F. P, and Snow, l\, Nat%re. 129, 720 (1932). 

(1935^)^*^”* ^ (1933); see also De, N. K., Indian J. Mid. Research, 23, 505 

™ Peacock, P, R, Lancet, II, 328 (1926); Science, Oct. 15, 1926. 
w Holmes, A. D., and Pigott, M. G., Boston Med. Sury J., 195, 263 (1926). 

« Titus, R, W., Hughes, J. S., Hinshaw, W. R., and Fitch, J. S., Ind. Eng. Chem., 18, 843 (1926) 
^Zilva, S. S., Biochom. Z., 155, 333 (1925). 

Spinka, J., Biochem. Z., 153, 197 (1924). 


Morton, R. A., and Heilbron, I. M., Nature, 122, 10 (1928). 



ULTRAriOlBT LIGHT AND OTHER VITAMINS 


855 


at 3280A. Their absorption studies indicated that the first decomposition products 
of the vitamin might posvsess an absorption band in the region 2750 to 2850A. 
A very rich shark-liver oil was employed. Steenbock and Wirick®^ found the ^ 
destruction of the vitamin in butter-fat to be proportional to the time of irradiation 
and inversely proportional to the thickness of the layer exposed. The process 
could be retarded by surrounding the fat with an inert gas. 

Norris used both colorimetric and biological assays and conducted the irradia- 
tion of cod-liver oil in a rotating closed quartz cylinder under carbon dioxide, at 
a temperature not over 15®C. Preliminary work indicated an induction period of 
about two hours, although in subsequent experiments this could be confirmed only 
for the biological assays. A plot of the reciprocals of the chromogen which with 
antimony trichloride gives absorption between 600 and 617 vtifi against the time of 
exposure gave a straight line. The vitamin content reached zero after about four 
hours. 

By colorimetric determinations, Evers found little or no change in the first 
two hours, after which there was a slow change. Hawk reported an actual 
increase in the antimony trichloride blue color during irradiation in air. Although 
denied by Drummond®'^ this observation was confirmed by Norris and Church®® 
and by Pleilbron, Gillam and Morton.**® 

Wave-lengths shorter than 3350 to 3400A are required for the destruction of 
the vitamin 

Chevallier found carbon-arc irradiation of a hexane solution of an unsaponifi- 
able vitamin A concentrate to produce a rapid destruction of the absorption band 
at 3280A. At the same time there was evidence from the absorption changes 
within the region 2900 to 3400A of the production of new products which in 
turn were destroyed at different rates. One product formed may be an inter- 
mediate l)etween vitamin A and /J-ionone.®'* From the results of the use of filtered 
light of 3650A Chevallier and Dubouloz®'* calculated the quantum yield as 1/28, 
and noted that the decomposition follows a somewhat different course in slightly 
acid and in slightly alkaline ethanol. It is claimed that the formation of several 
decomposition products may be recognized by analysis of the spectrographic 
results.®^ 


•“Steenbock, H„ and WirJck, A. M., J Dauy 14, 229 (1931), C/trm. Abs., 25, 4030 (1931); 
Shrewsbury, C L., and Kraybtll, H, R,, 75, Sb (1932). 

Norris, R. J., Bull Basic Sci, Research, 3, 89 (1931). 

'^*Nabano, O., and Hickman, J. O., found no change in thirty seconds, Lancet, I, 127 (1930). 

® Evers, N., Quaft. J. Pharm., 2, 556 (1929); Brit Chem, Ahs , A, 1203 (1929). 

«»Hawk, P. B, Snenre, 69, 200 (1929). 

Drummond, T. (' , 7. Soi. them. Ind., 49, 28ST (1930). 

Norns, E R., and Cliurch, A. K, J. Biol. Chem., 89, 421 (1930). 

Hedhron, I. M., Gillam, A. E,, and Moitoii, R. A, Bwchem. 25^ 1352 (1931). Even the 
3280A band increases during the first few minutes of inadiation, according to Boyle, E., Nature, 
133, 798 (1934): Bwchem. J., 28, 573 (1934). Sec also Smith, E. L., Stern, B E., and Young, F. E., 
{Nature, 141, 551 (1938)3 who find that irradiation sometimes increases and sometimes decreases the 
alxsorption, which, however, returns to normal on standing in the dark. These changes may be due 
to ris‘trans isomerization. Morton, R. A., Nature, 141, 552 (1938). 

Norris, R. J. and Loofliourow, J. R., Bull. Basic Sci. Research, 4, 113 (1932). 

Chevallier, A., Compt. rend. sac. biol , 112, 1681 (1933); Chem Abs., 27, 3974 (1933). 

Chevalliei, A., and Choion, Y., Compt. rend, soc bwL, 115, 1297 (1934); (hem. Abs., 4455 


’“Chevallier, A, Choron, Y, and Gudlol, T., Compt. rend. soc. hioL, 117, 10 (1934); Chem. 
Ahs. 29, 201 (1935). 

CTievallier, A., and DubouJo 2 ( P., Bull. soc. chim. biol., 18, 190, 703 (1936); Brtt. Chem. Abs., A, 
1 1 59 ( 1 936) • 

** Chevallier, A., Dubouloz, P and Maituel, S., Compt. rend soc. biol., 121, 1415 (1936); 
Dubouloz, P., /. chim. phys. 33, S32 (1936); dicvalUer A, and Dubouloz, P., Bull, soc, chim. 
btol., 18, 1115 (1936), 
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Chevallicr uses the changes in absorption at 3250A during irradiation in a 
method for the spectrographic assay for vitamin A.®® 

Dried spinach loses 70 per cent of its vitamin A during fifteen months of 
storage in diffused light. Ultraviolet light also decolorizes a petroleum ether 
extract of carrots and destroys its vitamin A action.®’^ Alfalfa leaves bleached 
in sunlight also show a loss of vitamin A.®® The same is true of ghee.®® 

The decolorization of carotene is also accelerated by ultraviolet light and 
it may be this which is changed in alfalfa.^®^ Some observations on the photo- 
oxidation of of-carotene in ultraviolet light, reported by Baur,^®^ indicate an induc- 
tion period, after which the course of the oxygen uptake in chloroform solution is 
autocatalytic. There may be a reversible formation of a plioto-oxide. The changes 
in absorption spectra of carotene and xanthophyll have been followed during their 
slow oxidation by McNicholas.^®*"* 

Kuhn and Winterstein have isolated from saffron a dimethyl ester of a sub- 
stance isomeric with crocetin. It is converted into crocetin by the action of blue 
or violet, but not of red, light. Radiations of wave-lengths less than 4150A are 
not essential to tlie reaction. The isomerization may be of the cis-trans type. 

Vitamin Ultraviolet irradiation destroys absorption bands at 2860 to 

3200A at the same time that the activity of a concentrate is diminished, according to 
Bowden and Moore.^®® Bands at 2400 to 2850A are unaltered. I'he associa- 
tion of a band at 2940A’ with the biological activity is confirmed by Drummond, 
Singer and MacWalter,^®”^ who also find it to be diminished by irradiation. 
Olcott,^®® however, believes this band due not to the vitamin but to some closely 
related, difficultly removable substance. 

Extracts of the antihemorrhagic vitamin retain their potency after 24 hours 
of exposure in a sealed tube to the light of a 500-vvatt lamp at three to four 
inches.^®® Later, Alniquist ^®®* showed direct sunlight to destroy the vitamin. 

The protective factor against nutritional encephalomalacia in chicks is also 
resistant to ultraviolet irradiation.^^® 


PnOTOCHEMlSTKY OF VlSION. 


It is only possible to note briefly that there has recently been a growing interest 
in the mechanism of vision. The photochemical changes involved are believed to 


Chevallicr, A., Z. VUaminforsch.. 7, 10 Chem '{U , 32, S016 (1938). 

Quinn, E, J., Hartley, J. G,, and Derow, M. A. J. Biol. Chem , 89, 657 (1930). 
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4, 68pp. (1933); Chem. Abs., 28, 3449 (1934). 
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WK^Baur. E., Helv. Chim. Acta, 19, 1210 (1936); 20, 402 (19 3 7). 
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occur in substances in two different histological , structures, the rods scattered 
throughout much of the retina but particularly toward the periphery, and the cones 
localized near the fovea.^^' The changes in the former, effected principally during ' 
vision in dim light, are not concerned with color sensation, as are the changes in 
cones which are brought about primarily by bright light. 

The processes are regarded as deviations from photochemical stationary states 
set up during the period of accommodation to light of various intensities. Little 
is known avS yet as to the photochemistry of materials in the cones, The pos- 
sibility that a flavin, known to occur in the retina, may be concerned with color 
vision and thus have to do in some manner with processes occurring in the 
cones has been mentioned by Theorell.^^^ 

Since the pioneering observations of Boll in 1877 it has been known that 
the rods contain a substance known as the visual purple, vchich is bleached by light 
Weigert and Nakashima investigated the photodichroism of the product as 
obtained from the retinas of frogs and spread in gelatin layers upon glass 
plates. 

When applied to photographic plates, the visual purple usually diminishes 
rather than increases their sensitivity, but Kogel,^^® who reviewed the photo- 
chemical behavior of this material, observed a transient sensitization in a special 
case. 

The bleaching of visual purple solutions in monochromatic light has been 
found to have a quantum efiBciency of unity or very slightly less."^^^ 

The process i.s not one of oxickition, according to Brunner and Kleinau.^^® 
The oxidation-reduction potential curves of solutions of visual purple have been 
investigated by Pincussen, Suzuki and Seitz.^^® Kodama has measured the 
glucolysis and oxygen consumption of the rat retina in light and in darkness. 
During the first thirty minutes, both the oxygen uptake and the aerobic glucolysis 
were much greater in darkness, but during the second thirty minutes the oxygen 
uptake diminished rapidly and approached the rate in light. The oxygen con- 
sumption was not proportional to the intensity of light with either continuous 
or short exposures. Aerobic glucolysis was but little influenced by the intensity 
of light. The gas exchange and oxygen consumption decreased temporarily 
in all cases in light, the latter showing the greater decrease. In colored light, 
the oxygen consumption was greatest in red, less in green and least in blue 
light. Aerobic glucolysis varied less, but in the same order. In sugar-free 
Ringer solution in darkness, the oxygen consumption was high at first but 
rapidly decreased to zero. The aerobic glucolysis fvas very low and quickly 

«iHccht, S., Physiol, Rev., 17, 239 (1937); J Applied Phys , 9, 156 (1938); Hartline, H. K., 
Cold Spring Marhot Symposia Quant. Biol., 3, 245 (1935). 

1^3 von StiidniU, G.. Arch. grs. Physiol (Pflkger's), 239, 515 (1937). Wald, G. INature, 140, 
545 (1937)1 calU the violrt cone pnyment lodopsin. Vitamin A !<? probably related to it, Haig, C., 
Hecht, S and Patek, A. J., Jr., Science, 87, 534 (1938); Hecht, S. and Mandelbaum, J., Ibid., 
88, 2 1 9 (193 8), 

^^^Theorell. H.. Biochem. Z., 279, 186 (1935). 

F„ Arch, anat. Physiol, 4 (1877). 

^'•5 Weigert, F,, and Nakaslnma, M., Natunviss , 17, 840 (1929). 

J^-’Kogel, G., Phot. Korr., 65, 138, 248 (1929); Chem. Abs., 24, 2068 (1930). Recent studies on 
the absorption spectrum of visual purple are due to Chase, A. M., and Haig. (\, J. Gen. Physiol., 
21, 411 (1938) and to Saito, 2., Tohdku J. Exptl Med., 32, 432 (1938); Chem. Abs., 32, 9125 (1938). 

UT partnall, H. J. A., Goodeve, C. F., and Lythgoe, R. T., Proc. Roy. Soc.. A156, 158 (1936); 
A164, 216 (1938); Lythgoe, R. J., and Goodevc, F„ Trans. Ophthalmol. Soc., 57, 88 (1937); 
Goodevc, C. F., Sci. J. Roy. Coll. Set., 8, 9 (1938). 

Brunner, O., and Kletnau, W., Monatsh., 68, 244, 261 (1936). 
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dropped to arero. In the presence of 0.1 per cent sugar m the Ringer solution in 
darkness, the oxygen consumption, high at first, rapidly decreased to one-fifth of 
its original value, but the aerobic glucolysis decreased but slightly. In the presence 
of 0.4 per cent of sugar, the oxygen uptake and aerobic glucolysis were com- 
paratively low at the start and decreased but very little. In darkness, anaerobic 
glucolysis was equally high in solutions containing 0.1, 0.2 and 0.4 per cent of 
sugar. Jongbloed and Noyons,^*^^ also found the carbon dioxide production by 
frog retinas 22.5 per cent and the oxygen uptake 26.5 per cent greater in dark- 
ness than in white light. 

Stutzke ^22 observed that when the dark-adapted beef retina is exposed to 
light, ammonia is liberated, the ammonia content increasing from 200 to 500 per 
cent This effect, which can be inhibited by glucose, lactate or pyruvate, is not 
observed in the light-adapted retina. 

More recent studies of the behavior of the visual purple have revealed intimate 
relationships not only to such compounds as trimethylamine and creatinine, but 
also to carotenes, vitamin A, and the flavins.^^^ 

Observations on night blindness, a vitamin A deficiency,^^^ led to the discovery 
of vitamin A in the normal retina. Wald showed that mammalian retinas 
contain about 22 7, and frog retinas 400 7 per gram of dry retina. The underlying 
pigment layers contain also xanthophyll. The function of the vitamin A is to 
serve as a precursor for the formation of the visual purple which is lost in the 
photochemical bleaching process. There is also present in the retina a faintly 
yellow pigment, known as retinene, of carotenoid nature. It does not occur free 
but associated with some other non-diffusible substance, probably a protein. In the 
light-adapted retina, the retinene is replaced by some vitamin A. 

During vision the visual purple is converted photochemically into visual yellow 
which contains protein and retinene. This change is believed to be thermally 
reversible with regeneration of visual purple. Mirsky suggests that the 
prosthetic group, retinene, is firmly bound in visual purple, and that the process 
of its bleaching to visual yellow consists in a denaturation of the protein after which 
the retinene is bound loosely if at all He concludes the energy of activation of 
the denaturation to be low, the visual purple being denatured by a quantum 
of visible light. The function of the retinene in the visual purple may be to 
sensitize the protein denaturation to light. 

When the visual yellow has been produced, it may either regenerate its pre- 
cursor or lose some of its retinene which is then thermally converted into vitamin 
A and apparently lost to the retina by diffusion processes or in an unknown manner 
This loss of visual purple has to be made up if night-blindness is to be averted, by 
a resynthesis by way of the underlying pigmented layer which Wald has shown 
to contain larger amounts of vitamin A. At least this is the case in the frog’s 
eye, the retina of which has no blood supply.^^*^ 

Details of the effects of temperature, pH and seasonal variations on the bleach- 


^Jongbloed, J., and Noyons, A, Z. Biol. 97, 399 (19 36); Chem. Ahs., 31, 2691 (1937). 

Stutzke, S., Klin. Woihschr., 15, 524 (1936); Chem. Ahs., 30, 6805 (1936). 
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ing of visual purple have been reported by Chase, who finds a photochemical 
decomposition product of certain retinal extracts to be an acid-base indicator, yellow 
in acid and colorless in alkaline solutions. He also states that the photodecompo- 
sition of the bile salt extracts of the retinas of summer frogs follows a first-order 
reaction course, but that of the extracts of winter frogs does not unless the extracts 
are made alkaline. The kinetics of the regeneration of bleached visual purple 
have recently been studied by Hecht, Chase, Schlaer and Haig.^^® 

Some attention has been devoted to the nature and function of otlier pigments, 
such as the orange intermediate between visual purple and the products of its com- 
plete bleaching,^ and also to a blue- sensitive substance, possibly a flavin, which 
Chase believes may. after its decomposition, be concerned in the regeneration of 
the visual purple.^^^ 

Porphyropsin, a purple pigment from the retina of fresh-water fish, also goes 
through a cycle in light, involving russet and yellow pigments,^^^ Stern and 
Salomon, suggest that the first step in the bleaching of visual purple may 
be a photodissociation of ovoverdin, rather than a denaturation of the protein 
carrier. 

^ Chase, A. M., J. Gen. Physiol., t9, 577 (X936), See also Lythgoe, R. J., J. Physiol., 89, 331 

(1937), Wald, G., J. Gen. Physiol.. 21, 795 (1938). 
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Chase. A. M., 85, 484 (1937). 

‘«3Wald. (;, Nature. 139, 1017 (1937). 

'55 Stern, K. (J., and Saloniop, K., Science, 86, 310 (1937) 



Chapter 42 

Photosensitized Biological Processes 

The existence of a number of photosensitized reactions (discussed in Chap- 
ter 16) leads to the expectation that similar effects are to be encountered in 
biological procesvses. The first instance was reported by Raab from the laboratory 
of V. Tappeiner in 1899.^ Pie observed that the dye acridine, in a dilution of 
1 : 20,000, killed paramecia in six minutes in direct sunlight, in an hour in diffused 
light, and remained without effect for long periods in darkness. Many other dyes 
of widely different classes have similar effects, to which v. Tappeiner ^ applied 
the term '^photodynamic actions.*' 

Many recent workers have studied similar lethal effects on bacteria,® fungi*^ 
and various bacteriophages and viruses,^’ as well as the destructive effects upon 
their toxins.® 

The hemolysis of red cells may be similarly sensitized, ^ notably by chlorophyll, 
which is effective even in dilutions of one in thirty million.® Plematoporphyrin, a 
product of the decomposition of hemoglobin, as well as other porphyrins, exhibits 
such properties in a marked degrec.^^ When it is injected into mice no effects are 
produced until the animals are irradiated by sunlight or a carbon arc. Light 
causes itching, hyperemia of the ears, tail and snout, and, with sufficient doses 
of the sensitizer, the animals may die in light-stroke in a tetanic rigor. Dcsensi- 
tization occurs in darkness in about two weeks. The subject has been investigated 
to a considerable extent.^® 
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Meyer-Betz^^ took 0.2 gram of hematoporphyrin intravenously. Irradiation 
by a carbon arc led to the production of a lesion which had some resemblance 
to those of hydroa. The immediate reaction was merel/ reddening and edema, ^ 
but on the following day the area was infiltrated, reddened and painful, and 
rendered almost black by multiple hemorrhages. After a week,- there was 
superficial necrosis, followed by the formation of a thick black scab. The sun 
produced on exposed areas a very severe dermatitis which began immediately 
after the exposure and progressed for several days. It was marked by extreme 
pain, swelling and induration, and was followed by a heavy pigmentation. Two 
cases of chronic porphyrinuria have recently been reported in which the face and 
hands were highly pigmented, although not hypersensitive to ultraviolet Ught.^^ 

A disease in which there is marked sensitivity to light is the rare and usually 
fatal xeroderma pigmentosum or Kaposi’s disease. 

In human pathology, true light urticarias are rare.^^ It has been suggested 
that hydroa vacciniforme represents a slight sensitization due to hematoporphyrin 
or other porphyrins produced by solar ultraviolet light from some precursor which 
was assumed to be present in the skin. The basis for this theory of the origin of 
the disease is the frequent association of a porphyrinuria. It may, however, be 
noted that porphyrinuria may occur from certain causes without causing light 
sensitivity.^*^ 

Certain diseases of animals have been attributed to photosensitization. After 
eating buckwheat, and especially the green parts of the plant, oxen, swine and 
sheep, on exposure to light, become greatly excited and dance about wildly because 
of the sensory stimulation of rapidly developing skin lesions. This disease, known 
to Hertwig as early as 1833, has been studied by Sheard, Caylor and Schlott- 
hauer,^’'' who suggest that the sensitizer may be phylloporphyrin or possibly 
cholehemalin. 

The weed, St. John’s wort, Hypericum, brings about similar symptoms in 
range animals, and it has been stated that Arabs used to stain their white horses 
with tobacco or henna to protect them from light in regions where this weed 
abounds. Tonnides isolated a pigment from the plant which photosensitized 
white rats, but its constitution is unknown. 

A disease of sheep and Angora goats, Geelgikop, characterized by the sudden 
onset of a swelling of exposed parts of the head and earsj'^ is caused by eating 
T ribulus terrestris. 
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A wide variety of other physiological and pathological effects due to the action 
of light and sensitizers has been enumerated by Blum*'® Among others mentioned 
are the inhibition of clotting of the blood by fibrinogen in the presence of light and 
methylene blue, stimulation of nerves, contraction of isolated skeletal muscles bathed 
by the photosensitizer solution, and production of arythmias in the isolated turtle or 
mammalian heart perfused with photosensitizing solutions and exposed to light. 

The hydrolysis of serum albumin may be effected by hematoporphyrin and 
oxygen in light.'® The porphyrin unites with the protein, becomes excited by the 
absorption of light, combines with oxygen and passes a part of its energy over to 
the protein molecule. 

A number of generalizations have been made by Blum regarding these proc- 
esses.^® Although most sensitizers are fluorescent, the fluorescent rays they emit 
are not responsible for the effects produced and there is no quantitative relation 
between the fluorescence of a sensitizer and its biological effectiveness. The sub- 
stances absorb chiefly in the visible range, and only the absorbed energy is effective 
biologically. (The possibility of sensitization to ultraviolet rays cannot be 
excluded.) Most of the effects produced by these substances in light can also be 
produced by them, although much more slowly, in darkness. The presence of 
oxygen appears to be essential for the processes occurring in light.^' Most effects 
in this category can be inhibited by blood serum and particularly by its albumin. 
Because of this action, the injection of dyes which hemolyze red blood cells in 
vitro is not followed by hemolysis in animals subsequently exposed to light. 

Sensitization to various ultraviolet radiations may be effected by certain sub- 
stances, such as acridine or trypaflavine, which make the region in the vicinity of 
3650A active.2^ Ethyl chlorophyllide sensitizes especially to 3130 or 3650A, 
as well as to visible rays. Carotene sensitizes to the range of 2800 to 43 50 A, 
but in the shorter ultraviolet or visible rays is less effective than chlorophyll.^^ 

Attempts to utilize photodynamic substances in therapy have not proved encour- 
aging, Kreidl and Nozicka suggest that the therapeutic action of light may be 
promoted by injecting anthracene, anthraquinone or their derivatives. Eosin was 
at one time believed to cause a rapid loosening of ne^crotic tissues in luetic or 
tuberculous ulcers on exposure to sunlight. In connection with such attempts, 
it may be noted that urticarial reactions are readily produced. The intradermal 
injection of two drops of a 1 :1000 solution of eosin renders the skin so sensitive 
that a few minutes of exposure to light produces an urticarial wheal. 

An understanding of the mechanism of photosensitized biological processes 
is of importance because of the light il may cast upon the nature of the function of 
chlorophyll in the photosynthesis of carbohydrates. Noack early divided photo- 
sensitizers into two classes : certain heavy metal salts and fluorescent organic dyes. 
Both serve as carriers of oxygen, the former by a change in valence of the metal 


H. F,, Physiol. Rev,. 12, 23 (1932); Sellards, S. W., /. Med. Research. 38. 293 
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and the latter by a formation of peroxides. The action of the latter substances 
can be stopped by such reducing agents as sodium sulfite. Gaffron^c found 
that solutions of hematoporphyrin, chlorophyll or dyes jn serums at pH 11.4 
absorb oxygen on exposure to light with the oxidation of the protein to which * 
the dyes become attached. Carbon dioxide and ammonia are liberated. The 
greater part of the former is ascribed to the action of acids liberated during 
oxidation upon the serum. Tyrosine, phenol and uric acid in alkaline solution can 
also be oxidized in this manner by dyes, such as eosin, erythrosin or Rose bcngal. 
Aliphatic substrates are not so oxidized, according to Carter.-'^ The intro- 
duction of an hydroxy or an amino-group renders benzene derivatives susceptible 
to this type of reaction. Side-chains in which the groups NH 2 and CH=*=CH 
occur were oxidized, as were ring compounds, such as a-naphthol, tryptophane, 
tyrosine, thiophene and purine derivatives. Carter did not believe that hydrogen 
peroxide is formed in the process, which was neither accelerated by iron salts 
nor retarded by potassium cyanide.^® Some have found such processes to be 
increased by cyanide.^^ Wohlgemuth and Szbrenyi believe that true tissue respi- 
ration is lowered from 2 to 18 per cent by visible or ultraviolet light. Sensitizers 
in darkness also reduce it. Illumination of tissue sections in the presence of hemato- 
porphyrin or Rose bcngal increases oxidation and this action is stimulated by 
cyanides. The true respiration, which they regard as distinct from this 
photooxidation, is believed to be reduced from 17 to 43 per cent. Sensitizers 
also decrease the usual stimulating effect of light on anaerobic glycolysis. In 
red cells, sensitizers produce mcthemoglobin especially when illuminated.®® Hema- 
toporphyrin increases the absorption of oxygen by red blood cells, especially in 
light, but there is no corresponding production of carbon dioxide. Photo- 
graphic desensitizers as Pinakryptol green retard tliis.®^ Attempts to isolate 
peroxides of fluorescent dyes which promote the transportation of oxygen in 
analogy with the assumed chlorophyll peroxide of Willstatter were unsuccessful, 
according to Gaffron.®^ Acceptor peroxides were, however, produced during the 
photooxidation of aliphatic amines in the presence of chlorophyll. When a solution 
of chlorophyll in amylamine was exposed to light and then placed in darkness, the 
quantity of peroxidic oxygen was approximately equal to the amount of molecular 
oxygen absorbed. This oxygen was quantitatively evolved when a catalyst, such 
as manganese dioxide was added to the darkened solution. The photochemical 
action depended greatly upon the solvent chosen, increasing more than a hundred 
times when acetone or pyridine replaced water. The absorption of oxygen ulti- 
mately reached two molecules for each molecule of primary or secondary amine. 
Gaffron®® dissolved ethyl chlorophyllid and allylthiourea in acetone and exposed 
the solution to monochromatic light in the presence of oxygen. The relation 
between the energy absorl)ed and the oxygen consumed was in agreement with 
the Einstein law, provided that the concentration of the acceptor was at least 
7.5x10’^ moles per liter, or when the acceptor concentration was over 100 times 
that of the dye. Similar results were reported with hematoporphyrin as the dye. 

"Gaffron, H., Naturwiss,, 13, 859 (1925); Biockem, Z., 179, 157 (1926). 

ar Cartel, C. W., Bwchem J., 22, 575 (1928). 
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(1932). 
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Blum and Spealman^^ believed the peroxide formed when fluorescent dyes 
alone are irradiated in aqueous solutions to be hydrogen peroxide formed from 
water and oxygen. They suggest that the bleaching of excited dye molecules may 
be due to their oxidation by the hydrogen peroxide. 

There has been much discussion as to whether, in the dye-sensitized oxidations 
of various substances, it is the oxygen itself or the oxygen acceptor which 
receives the energy of the light-excited dye. Gaffron^® does not believe the 
former can account for the facts. Even in cases in which it is the sensitizer 
itself which is oxidized, Gaffron believes that there are other molecules of the 
sensitizer which receive enough energy from the light-excited molecules to convert 
them into a long-lived form capable of being oxidized. Data on the quantum 
yields in the oxidation of rubrene were advanced in support of this view, but have 
recently been the subject of some discussion. (See Chapter 26.) 

On the other hand, Kautsky and Hirsch,®® in work on the oxidation of isoamyla- 
mine in the presence of chlorophyll, assumed that oxygen was activated by the 
transfer of energy from a metastable intermediary state of the pigment. The 
energy required for the activation of oxygen was calculated to be 37 kcal. 
(7620A). Energy of longer wave-lengths should not be able, therefore, to cause 
the reaction. To test this, Gaffron®'^ filtered out practically all light of wave- 
length shorter than 7600A by the use of 6 mm. of B G 3, Schott glass. Bacterial 
pheophytin was used, since chlorophyll does not absorb in this range ; thiosinamine 
was the acceptor. Since photooxidation still occurred, it seems that activation of 
oxygen is not the mechanism, and it must be the acceptor molecules which receive 
the energy of the excited dye. When organic substrates are oxidized in the 
presence of chlorophyll, one molecule of oxygen is used for each quantum of light 
absorbed regardless of the wave-length, except at wave-lengths where the quantum 
is too small and the reaction does not proceed. Further evidence that it is the 
oxygen-acceptor which acquires the energy has been given by Franck and 
Levi.®® They suggest that the chlorophyll on absorption may form hydrogen 
and free radicals instead of forming a metastable excited molecule. These may 
subsequently reunite, with the production of a chemiluminescent glow. In the 
presence of oxygen, the hydrogen is oxidized. The acceptor takes over the energy 
absorbed by the chlorophyll. This offered a possible explanation of the fact that 
the fluorescence, which represents but a small part of the energy, is slightly 
extinguished by oxygen. The problem is still in a somewhat speculative state. 
Because of iis relation to other photosensitized processes by which carbon dioxide 
and water are synthesized to carbohydrates in the green plant, the mechanism of 
these reactions is being actively investigated. 

By continuously irradiating a dilute solution of sodium fluorescein, Menkc 
made a photofluoresccin. It was separated by filtering after precipitation with a 
small anioiml of hydrochloric acid. After washing with water, the precipitated 
dye was dissolved in alkali and the sodium salt crystallized by careful evaporation. 
This material was then dissolved in Locke's solution so that each cc. contained a 
mg. of photofluorescein. It then hemolyzed rat blood in darkness to the same extent 
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that fluorescein does in light, although the non-irradiated fluorescein had no 
apparent action in darkness. Approximately two hours in darkness were required 
for a 1:2000 dilution of the photofluorcscein to hemoly^Ke ' one cc. of 1 per cent i 
red blood cells. Blum believes that eosin dyes in dilute solutions show hemolysis 
of red blood cells in darkness only in the presence of hydrogen peroxide. 

This resume is necessarily too brief to give an adequate impression of the 
great number of investigations in this field which are of importance to the zoologist 
or botanist rather than to the photochemist.^^ 

That eosin and hematoporphyrin, when applied to the skin of mice and exposed 
for three months to sunlight, may produce skin tumors, has been noted by 
Bungeler.'*^ Certain carcinogenic agents, such as benzopyrene, shale oil and 
coal tar, exhibit a photodynamic action on paramecia.'*® 

Blum, H. F., Cold Spring Harbor Symposia Quant. Biol,, 3, 318 (1935). 
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Chapter 43 

Photosynthesis of Carbohydrates* 


With the help of sunlight, the green plant builds up from carbon dioxide, 
water and salts the sugars and starches which serve as the foodstu0s of man. 
At the same time, oxygen is liberated. The photosynthetic process may be repre- 
sented by the equation : 

CO 2 + H 2 O *+• light CH 2 O + O 2 . 

The hypothetical formaldehyde is assumed to be subsequently converted into 
sugars and starches. The energy required for this endothermic reaction must 
be supplied as light. This is absorbed by chlorophyll, the green pigment of the 
leaves, which in some as yet unknown manner acts as a photosensitizer for the 
reaction. The energy required for the synthesis of formaldehyde is at least 134 
kcal., and possibly more.^ Since the effective wave-lengths in the visible range 
may be as long as about 7000A, corresponding to only about 40 kcal., it is apparent 
that the absorption of one quantum per molecule would not provide sufficient energy 
to supply that needed for the reaction. It is essential, therefore, that at least 
three and more likely four quanta be absorbed for each molecule of carbon dioxide 
assimilated or of oxygen liberated. The nature of the coupled series of reactions 
underlying the photosynthetic process is not as yet understood, although ever- 
increasing attention has been devoted to the problem. 

The investigations in this field may be divided into those concerned with 
the photochemical mechanism involved, as it might possibly be conceived of as 
occurring in vitro (in the presence of the extracted sensitizing pigment) and into 
those which actually occur in the plant. The latter studies belong in the realm 
of the plant physiologist and involve many complicated features, such as the 
influences of the stomatal openings within the leaf by which the gases gain 
entrance and egress, the nature and orientation of the chloroplasts (the histological 
regions within which the chlorophyll occurs), the amounts of energy reflected, 
absorbed and transmitted by the leaf, etc. For a discussion of these factors 
special works must be consulted.^ It is possible here to mention merely some 
calculations of the efficiency of the process as it occurs in an acre of corn, which 
have been made by Transeau.^ Assuming a yield of 100 bushels per acre, 10,000 
corn plants on an acre yield a dry weight of 2160 kg. of corn. The total dry 
weights of the plants at maturity would be about 6000 kg. After deducting 322 kg. 
of mineral matter there would be a residue of 5678 kg. of organic matter, of 
which about 2675 kg. is carbon. The glucose equivalent of this is 6678 kg. This 
is less than the true amount formed, since some would have been consumed in 
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respiration during the life of the plants. This is estimated at 2045 kg. so that 
the total glucose made by the plants would have been 8732 kg. This is estimated 
to have required not far from 33 million calories of enerjgy. The total energy 
of sunlight falling during this period on the acre is estimated as 2043 million ' 
calories, so that about 1,6 per cent of the light energy might have been used in 
photosynthesis. If it be assumed that only about 20 per cent of the incident radiant 
energy is in the wave-length regions capable of causing photosynthesis, then the 
overall efficiency of this light would be raised to about 8 per cent. There are 
several reasons for this low value. There are large reflection losses and some 
energy is lost by transmission,® During a large part of the growing period, much 
of the energy reaches merely the ground instead of the leaves of the plants, causing 
a loss estimated for the period at about 54 per cent. Respiration liberates about a 
quarter of the energy absorbed in the photosynthetic process. Another loss is in 
the energy required for transpiration. For every kilogram gained in dry weight, 
about 276 are evaporated during the growing season. 

Formaldehyde as Intermediate. Von Baeyer ® seems to have been the 
first to suggest the formation of formaldehyde in an initial stage of the process. 
Sabalichschka showed that certain plants, when deprived of carbon dioxide and 
supplied with formaldehyde, polymerize the latter to sugars and starch, even in the 
absence of light. From a study of the assimilatory quotient CO 2 /O 2 , Willstatler 
and Stoll ® contend that formaldehyde is the only intermediate possible between 
carbon dioxide and the carbohydrates. This quotient under all conditions was 
found experimentally to be one, that indicated by the equation in the first paragraph. 
For the formation of glycolHc acid, it would be 1.33, for formic acid 2.0 and for 
oxalic acid 4.0. That formaldehyde under the influence of ultraviolet light of 
wave-lengths scarcely transmitted by glass acquires the power of reducing cop- 
per sulfate in the presence of sodium citrate or carbonate was claimed by Moore 
and Webster.^ This assumed photocondensation of formaldehyde (see Chap- 
ter 22) did not require the presence of an inorganic activator, probably proceeded 
at its maximum velocity when the concentration of formaldehyde was approximately 
5 per cent and was aided by a slight alkalinity. Ram and Dhar claim to have 
obtained small yields of reducing sugars when aqueous formaldehyde was exposed 
to sunlight in the presence of ferric chloride or kieselguhr. In the mixture of 
sugars (formose) which results from the polymerizing action of certain alkaline 
condensing agents on formaldehyde, Kiister and Schoder have identified dZ-fruc- 
tose, a ketopentose and sorbose. Ascorbic acid has been said by West and Ney 
to be an active catalyst for the formation of reduc^ing sugars from formaldehyde. 
It is unlikely that a photocondensation of formaldehyde of the type studied in in 
vitro experiments plays a significant role in the processes by Ayhich the plant forms 
sugars and cellulose. 

Klein and Werner claim to have detected the production of formaldehyde as 
an intermediate in assimilation. Other aldehydes have, however, occasionally 
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been suggested as intermediary products in natural photosynthesis.^^ Acetalde- 
hyde has been discussed as such by Klein and Pirschle.^® Some, like Barton- 
Wright and Pratt believe the first sugar formed to be a hexose. Parkin,^ 
however, believes that the bulk of the hexose sugars detectable in the leaf arise 
as a result of the inversion of sucrose. Bodnar, Roth and Bcrnauer believe 
that, although in the leaves of Tropaeolum majus, formaldehyde gives rise to 
sugars, its presence inhibits the condensation of sugars to starch. 

Attempts to Obtain Phot083mthesis Without Chlorophyll. One attack has 
involved the use of ultraviolet light in the effort to duplicate in vitro some of the 
processes of photosynthesis. Since these attempts have avoided the use of the 
plant pigments and have employed ultraviolet light of wave-lengths far shorter 
than those available in sunlight, it is evident that the results can tell but little 
regarding the occurrences which actually take place in the plant under physiological 
conditions. If these attempts are viewed in the light of experiments conducted 
to determine the possibility of artificially producing the carbohydrates as food mate- 
rials independently of the plant, they afford little hope for a practical outcome. 
The energy required to produce the carbohydrates which have been claimed 
in even the most promising of these experiments is far greater than the energy 
bound in the carbohydrate reaction products. 


Baly and Heilbron^® claimed that detectable quantities of formaldehyde result when 
an aqueous solution of carbon dioxide is exposed to ultraviolet rays with agitation. The 
agitation was thought to decrease the local formation of hydrogen peroxide w'hich pre- 
vented the possibility of obtaining a formaldehyde test by oxidizing that material to 
formic acid. In these early experiments it was believed that evidence had been advanced 
that wave-lengths les.s than 2200A might produce one or two parts of formaldehyde in 
100,000 of carbon dioxide solution in 18 to 72 hours. If wave-lengths of about 2900A 
were simultaneously used, it was believed that the formaldehyde wa.s polymerized to 
reducing sugars. 

Similar claims had been made previously, although in these, other substances had 
been employed as ptalysts. Moore and Webster claimed to have detected formaldehyde 
when carbon dioxide .solutions containing colloidal uranium oxide were exposed to sun- 
light, tlius confirming still earlier observations of Bach‘d and of Usher and Priestley 
Baly and coworkers also claimed to have obtained positive results in visible light by 
the use of a number of the catalysts of Moore and others, although they were at one 
time of the opinion that these may have acted instead as internal filters capable of 
removing those ultraviolet rays which polymerize formaldehyde. Thus this substance 
might be allowed to accumulate in quantities sufficient for detection. Malachite green, 
methyl orange, as well as colloidal uranium compounds and ferric hydroxide were, 
however, believed true catalysts. Baly also emphasized the necessity of controlling the 
hydrogen ion concentration of the irradiated solutions by maintaining an excess of 
magnesium carbonate. 
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'Parkin, J., Neu> PhytoL, 24, 57 (1925); Chrm. 20, 3022 (1926). 

i» Bodn4r, T., R6th L. E . and Bernamn, C, Biochem. Z., 190, 305 (1927); see also Kretovich, V., 
Z. physwl. them., 231, 265 (1935). 

Heilbroti, I. M., J Soc Chem. Ind . 40, 377 (1921); Baly. ETC 
12,*m2’a’9?8) (ISl-D: B90, 168 (1918); Abs., 


“Bach, A., Compt. rend., 116, 114S (1893). 
3|i^gher, F. L, and Priestley, J. H, Proc. Boy. 
Frrfo«# salts were believed effective by Stoklasa, J., 
JCenir. Biochem. Biophys., 18, 370. 
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and Zdolmicky, W., Bcr., 50, 1777 (191^; 
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Many chemists attempted without success to confirm these observations^” 

During this period, Baly ” claimed also to have synthesized large amounts of reducing 
sugars by exposing aqueous 40-per cent formaldehyde solutions to the rays of the quartz 
mercury arc in the presence of calcium carbonate. By certain concentration methods, , 
there was obtained a viscous syrup with sweet taste and reducing properties. Ab 
examination of this material by Irvine and Francis ” showed no ketoses, polysaccharides 
or anhydrO'SUgars, but about 9.3 per cent of sugars and 80 per cent of non^sugar com- 
pounds containing hydroxyl groups. 

In subsequent work, Baly, Davies, Johnson and Shanassy” concluded that the sub- 
stance first formed from carbon dioxide might be some complex aldehyde other than 
formaldehyde. They also claimed that complex organic compounds may be synthesized 
by the action of ultraviolet light on suspensions of various insoluble powders, such as 
aluminum, barium sulfate, aluminum hydroxide, and basic carbonates of aluminum, 
magnesium and zinc, in water through which a stream of carbon dioxide is passed. It 
was thought essential that the carbon dioxide be adsorbed on these materials. The com- 
pounds produced appeared to be of the nature of complex carbohydrates. It was also 
believed®^ that the total amount of material photosynthesized at a colored surface by 
visible light was greater than that produced at a white surface by ultraviolet light. 
Nickel or cobalt carbonates were thought particularly effective, although easily poisoned. 

Baur and Rebmann,” in a rq^etition of the Moore and Webster experiments were 
unable to detect formaldehyde, oxalic or glyoxalic acids. Baur and Biichi * attributed the 
formation of carbohydrates in experiments with dyestuffs such as malachite ^ green 
to a decomposition of the dye rather than to true photosynthesis from carbon dioxide. 
Their observations were in general confirmed by Dean Burk,” who employed con- 
densed sunlight. Nevertheless, the amounts of formaldehyde produced from the dye 
itself were very small. Amines are also produced, and under aerobic and alkaline condi- 
tions, nitrites as well. 

Emerson*' was unable to obtain any photosynthetic effects by the use of a purified 
nickel carbonate preparation. 

Recently, Dhar and Ram*® claimed that from 100 cc. of a 10-per cent solution of 
potassium carbonate mixed with one gram of powdered magnesium and in the presence 
of zinc oxide, gave after 5 5 hours of exposure to direct sunlight 0.0045 gram of formalde- 
hyde. although no reducing sugar could be detected.*® The occurrence of traces of 
formaldehyde in rain water was attributed to the action of light of wave-length 2550 A, 
which had escaped absorption bv the ozone layer Decomposition of fornmldehyde by 
the wave-length 2660A is thought to be hindered by the presence of hydrogen in the 
upper atmosphere. 

Spoehr, H. A, J. Am Chem Soc.. 45, 1185 (192.1)- Porter, C W, and Ramsperger, H. C., J. 
Am, Chem Soc., 47, 79 (1925); Vorlander, O. Bcr 58B, 2656 (1925); Rcggiani, mT IfAv Chim, 
Acta, 15, 1383 (1932); Qure.shi, M., and Mohammad, S. S., J Phys. Chem, 36, 2205 (1932); 
sec, however, Dhar, N R., J. Chem. Soc. 124, 1860 (1923). 

also Prihram, R., and Franke, A, Ber., 44, 10.35 (1911); Monatsh,, 33, 415 (1912); Akhmatov, 

A S., and Raruishanskaya-Landsberg, F. S., J. Ph\s. Chem (US.S.R.) , 6, 83 (1935); Chem Abs., 
29, 7809 (1935). 

28 Irvine, J. C., and Francis, G, V., Iftd. Eng. Chem., 16, 1019 (1924). 

28 Hal V, E. C. C, Davies, J. B., Johnson, M R, and Shanassy, H., Proc. Rov. Soc., U6A, 

197 (1927); see also Mezzadroh, G,, Rev. ind. agr. Tncurndn, 19, 154, 526 (1928); Chem. Abs., 23, 

2367 (1929); Mezzadroli, G., and Vareton, E., Chfmie et Tftdusfrie, Special No 778, March 0931); 
Mezzadroli, G., and Gardano, G., Atti acad. Lined, 6, 160 (1927); Chem, Abs., 22, 760 (1928). 

=^Baly, E C. C. Stephen, W. E., and Hood N. R. Proc Rov Soc, 1I6A, 212 (1927); Baly. 

E. C. C., Science, 68, 364 (1928); Baly, E. C. C., and Hood, N. R., Pioc Rov. Soc., 122A, 393 
(1929). 

8P Baur, E., and Rebmann, A., Hclv. Chim. Acta, 5, 828 (1922). 

8»Baur, E, and Biichi, P. F, Helv Chim Acta, 6, 959 (1923). 

MBurk, D., J Am. Chem Soc., 49, 1819 (1927); Cf Ram, A., \Pror. Acad. Sd . Vmted Prov- 
inces Agra Oudh, India, 4, 83 (1934); Chem. Abs., 29, 7383 (1935); Ram, A., and Dhar, N R-. 

I. Indian Chem, Soc,, 15, 331 (1938); Chem. Abs, 32, 8941 (1938)1 for the alleged production of 
form.aldchyde from many organic compounds by sunlight. 

81 Emerson, R., /. Gen. Physiol., 13, 163 (1929); see also Baur, E., Z. physik. Ch&m., 131, 
143 (1928). 

“Dhar, N. R., and Ram, A., Nature, 129, 205 (1932); Z anoro. allgem. Chem. 206, 171 (1932); 
Rao. G. G„ and Dhar. N. R., / phvs Chem 35, 1418, 1424 (1931); Dhar, N. R, and Sanyal. 

R. P., Ibid, 29, 926 (1925). 

«8Dhar, N. R.. and Ram. A, Nature 132, 819 (1933); J. Indian Chem Soc., 10, 287 (1933); 
Trans. Faraday Soc, 30, 142 (1934); Nature, 131, 800 (1933); J. Phys. Chem., ZI, S2S (1933); 
Gore, V., Ibid., 39. 399 (1933). 
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According to Rajvansi and Dhar,** the most effective catalysts for the fwtnation 
of formaldehyde from carbon dioxide solution in smilight are manganous chloride and 
cobalt carbonate, with which a yield of formaldehyde of the order of 0,0005 per cent 
by volume was claimed. When nascent carbon dioxide was prepared from banum 
carbonate and hydrogen chloride, formaldehyde was produced by light even m the 
absence of a photosensitircr. The temperature coefficient of sugar formation in simlight 
from a 3-per Cent aqueous solution of formaldehyde was found to be 1.2 between 30 and 
40 C, 

Gore* finds that mixtures of tartaric acid and various aldehydes or alcohols in 
aqueous ^lotions after exposures to sunlight of ^ or 100 hours without photosensitizers 
gjive positive sugar tests with Benedict's solution. This did not occur in darkness. 
Gore assumes that light aids die decomposition of tartaric acid by aldehyde to produce 
nascent carbon dioxide, which reacts with water to produce formaldehyde which polymer- 
izcs with the formation of the sugars. It is assumed that when alcohols are used they are 
first oxidized to aldehydes by light. 

Notwithstanding the poor yields that have been reported in all such investigations, 
Roman ** patented the production of hexoses and higher carbohydrates by the polymerip- 
tion of aldehydes, particularly formaldehyde, by light, preferably orange-red,^ The reaction 
is said to be best effected in the presence of a compound capable of combining with the 
carbohydrate, such as an alkaline-earth hydroxide. 

In subsequent work, Baly*^ turned to the use of catalysts of ferric oxide supported 
on kieselguhr previously coated with alumina. The activity was said to be increased 
by the addition of small quantities of thorium dioxide to the ferric oxide. Bell*® was 
unable to confirm these results. Further negative results in the photosynthesis of formal- 
dehyde were also reported by Konstantinova-Shlezinger,*® and Zscheile*® reported forty 
futile attempts to repeat the experiments of Baly with visible light and nickel and cobalt 
carbonates. He felt that Baly’s use of cylinder carbon dioxide may have been a source 
of organic impurities. Dhar, Rao and Ram^ claimed success with the use of nickel car- 
bonate and colloidal ferric hydroxide in 2-per cent sodium bicarbonate solutions, notwith- 
standing Baly's insistence that the catalyst be free from alkali. MacKinney" obtained 
completely negative results with these slightly alkaline catalysts in sunlight or with 
ultraviolet light between 2900 and 3000 A. 

Yajnik and Trehana" claimed to have verified some of the observations of Baly. 
White catalysts gave no yield unless artificially colored The best results were claimed 
for green, red and blue catalysts, copper arsenate being the most efficient of those 
testM, Baly" recently maintained that it is essential for success that there be a surface 
which is a true crystal lattice of nickel oxide. 

The Physiological Mechanism 

Green leaves absorb from 50 to 60 per cent of the incident infrared and 
approximately 90 per cent of the ultraviolet rays, according to Seybold.**® In 
the red region, the maximum absorption by leaves occurs at 6700A. That of an 
acetone extract of chlorophyll occurs at 6500A. There is a second maximum in 
the blue-violet, and transmission is greatest in the green. In the living leaf 

M Rajvansi, A. R„ and Dhar, N. R., /. Phvs. Chem , 36, 567, 575 (1932). 

»Gorc, V., /. Phys, Chem., 37, 745 (1933) 

« Roman. L. H., German P. 590,236, Jan. 4, 1934; Chem. Abs., 28, 20 1 3 (1934); Carboxyhyd. A.-G 
British P. 374,044 and 458,359. 

*7 Baly, E. C. C., Nature, 126, 666 (1930); Trans. Faraday Soc., 27, 5 4 5 (1931). 

wBell, J., Trans. Faraday Soc., 27, 771 (1931). 

(^^“^Konstantinova-Shlezinger, M., 7. Phys. Chem., U.S.S.P , 2, 780 (1931); Chem. Abs., 27, 5374 

"Zscbeile, F. P. Jr., J. Am. Chem. Soc., 54, 973 (1932). 

<iDhar,_N, R., Rao, G. G., and Ram, A., Trans. Faraday Soc., 27, 554 (1931); Rao, G. G., and 
Dhar, N. R , Phys. Chem., 35, 1418 (1931) 

^ MacKinney, G., 7. Am. Chem. Soc., 54, 1688 (1932), 

"Yajuik, N. A., and Trehana, F. C , 7. chim. phys., 28, 517 (1931). 

*4 Baly, E. C. C.. Nature, 140, 930 (1937). .Sec also Ostrikov, M. S., Acta Untv. Voronegiensis, 
i bio. 3, 95 (1937); Chem. Abs., 32. 6949 (1938). u , 

"^eybold, A., Ptanta (Abt. B, Z. wiss. BioL), 21, 251 (1933); Chem. Abs., 28, 375 8 (1934). 
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the chlorophyll spectrum is displaced somewhat toward the infrared as com- 
pared with that which it exhibits in soiutiom 

Although the carotenes and xanthophyll also maker contributions to the 
absorption of visible light by the leaf, the absorption of chlorophyll is the pre- 
dominant cause of the color of the 

That chlorophyll may be separated into fractions was suggeste(i by early 
observers, and confirmed by Willstatter and Stoll>^ They showed that there 
are two green pigments chlorophyll-a and chlotophyll-fc present in all plant leaves 
and separable by a preferential solubility of chlorophyll-a in petroleum ether and 
of chlorophyll-fi in 90-per cent methanol. In the higher plants there is about 
three times as much of the former as of the latter.*^® 

Wlodek noted that the stripes of the first absorption band, corresponding 
to both chlorophyll -a and b, alter in width during exposure of the leaf to light. 
This indicates either a change in the relative amounts of the two forms of 
chlorophyll or the appearance of a new type of spectrum due to unstable com- 
pounds of chlorophyll with carbon dioxide. Shifts in the situation of the absorp- 
tion bands of chlorophyll in the presence of certain hydrophilic and lipophilic 
materials are considered to support a granular model of the chloroplastid by 
Wakkie.«o 

Action of Light on Chlorophyll. Crude chlorophyll in alcoholic solution 
was not decomposed by the action of ultraviolet rays in exposures of five to 
sixty minutes. Bierry and des Bancels found that on prolonged exposures to 
two mercury arcs, the solutions became faintly yellow and gave positive tests 
for urobilinogen, A benzene solution of chlorophyll became colorless under 
these conditions but did not show the color reactions of urobilinogen.®^ According 
to Dangeard,®® when light is allowed to fall on a mixture of chlorophyll and 
Pinaverdol, the former is decolorized. The latter is also attacked and finally 
destroyed by the light absorbed, not by itself, but by the chlorophyll. It was 
suggested that the carotene and xanthophylls which accompany chlorophyll in 
the leaf might also be similarly bleached by the photosensitizing action of 
chlorophyll. 

Bleaching of chlorophyll occurs in the presence of oxygen and of such 
acceptors as diethylallyl- and diallylthiocarbamide, according to Weber Ferrous 
sulfate is also active in neutral or feebly acid solution. In the a])sence of an 
acceptor the rate of bleaching is slow. It increases rapidly in the presence of 
small amounts of acceptor, attains a maximum and diminishes logarithmically 
with increasing acceptor concentration^t. In all cases there is a marked induction 
period. The rate of bleaching is but little affected by temperature. The bleaching 
is greatly inhibited by certain phenols, quinones and amines. It is suggested that 

**The chemistry of chlorophyll has recently been reviewed by Steele, C. C., Chem, Rev,. 20, 
1 (1937) and by Fischer, H., Chem. Rev., 20, 41 (19^37). 

Will stutter, R., and Stoll, A., *‘XIntcrsuchungen tiibcr Chlorophyll,*' Berlin, 1913; transl, by 
Scherat, F., and Mcra, A., Science Publishing Co., 1928. 

Their photosynthetic functions have been reviewed by Spoelir, II. A., Annual Rev. Biachem., 
2, 453 (1933) and by Stoll, A., Naiurtvtss., 24, 53 (1936). 

Wlodek, J., Bull. Internat. Acad. Pol. Sci. Letires B, 407 (1924); Chem. Abs., 19, 2687 (1925). 

Wakkie, J. G., Proc. Acad. Sci Amsterdam, 38, 1082 (1935); Cliem. Abs., 30, 3024 (1936). 
Methods for measuring the absorption of radiation by leaves are di?icussed by Mestre, H., Cold 
Sprind Harbor Symposia Quant. Biol., 3, 191 (1935). 

« Bierry, H., and des Bancels, J , Compt. rend., 153, 124 (1911); J. Chem. Soc., 100, 735 (1911). 

See, however, Gouzon, B., Compt. rend., 196, 1542 (1933). 

“ Dangeard, P. A., Compt. rend., 156, 1844 (1913). 

w Weber, K, Ber., 69B, 1026 (1936); Nature, 137, 870 (1936); Weiss, J., Nature, 136, 794 
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on absorption of a photon a molecule of chlorophyll is so activated as to enable 
it to combine with a molecule of oxygen, forming a peroxide which then oxidizes 
the chlorophyll. Induction and after effects are attributed to the long life-periods of 
the intermediate peroxide. With high acceptor concentrations, chlorophyll is stabi- 
lized by the reaction: A02+A”~>2AO. According to Porret and Rabinowitsch, 
the reversible bleaching of chlorophyll is proportional to the square root of the light 
intensity. It is increased by formic acid and suppressed by ferrous chloride.^'' 

An ethylchlorophyllide solution can be reversibly oxidized by ferric chloride 
to a yellow unstable intermediary product from which the green solution can 
be regenerated by reduction with ferrous chloride. The oxidation Is greatly 
favored by illumination.®® 

Hubert®^ notes the possibility of the photodecomposition of chlorophyll 
during the measurement of its absorption spectrum. Suspensoid particles pre- 
pared by injecting an acetone solution of chlorophyll into water bear a negative 
charge which becomes positive after several hours of expo.sure to light, owing to 
photooxidation,®® Electrical measurements made with metallic plates coated 
with chlorophyll and illuminated showed in experiments of Dixon and Pooled® 
that the wave-lengths which are effective in photosynthesis are unable to expel 
electrons from chlorophyll. 

Kogel attributes the photosensitivity of chlorophyll to keto-groups. Roffo®^ 
finds pure chlorophyll strongly photoactive, a property not shared by xanthophyll, 
phytosterol, carotene or chloropbyllin. 

When a hydrazone of phylloerylhrin is exposed to light, its spectrum changes 
to that of phylloerytlirin.®^ Etioporphyrin, exposed to sunlight in the presence 
of oxygen, forms ethylmethylmaleimide, according to Dezclic.®® 

Relation of Chlorophyll to Photosynthesis. The importance of chlorophyll 
in the photosynthetic process is based upon the agreement between the absorption 
spectrum of chlorophyll and the effective wave-length regions, and also upon 
the approximate correlation between the photosynthetic activity of partly etiolated 
plants and their chlorophyll content. The latter agreement is, however, far from 
an exact one, so it has been suggested that other internal factors may be involved.®^ 
Studies at various points in the variegated leaves of Pelargonium by Chapman 
and Camp ®® revealed that no starch is produced in the non-green parts. 

Attempts to reproduce the photosynthetic process in vitro by the use of extracts 
of chlorophyll have not yielded promising results. Osterhout ®® sprinkled a 
carbon tetrachloride solution of chlorophyll on filter paper in amounts sufficient 
to give it a deep green color. The treated paper was placed in airtight bell jars 
with large petri dishes containing 5 cc. of water. Some of the sheets were kept 

** Porret, D., and Rabitiowitscli, E., Nature, 140, 321 (1937). 

w Rabinowitsch, E., and Weiss, J., Nature, 138, 1098 (1936). 

S’ Hubert, B., Proc. Acad, Set. Amsterdam, 37, 684 (1934); Chem. Abs., 29, 1844 (193 5). 

«®Bakkcr, H. A., Pror Acad. Sri. Amsterdam, 37, 688 (19.34); Chem. Abs., 29, 1844 (1935). 

«» Dixon, H. H., and Poole, H. H., Sci. Proc. Poy. Dublin Soc., 16, 03 (1920); J. Chem. Sor., 118, 
II. 343 (1920). 

Kdgel, G., Strahlcntherapie , 45, 587 (1932); Chem. Abs., 27, 2 721 (1933). 

RofTo, A. H., Bol. inst. med. exper. cancer Buenos Aires, 8, 68 (1931); Chem. Abs., 26, 
5125 (1932). 

Fischer, H., Moldenhauer, O., and Sus, O., Annalen, 485, 1 (1931); Chem. Abs., 25, 1835 
( 1931 ) . 

«De^eli<?, M., Bull. soc. chim. toy. Yougoslav, 6, 11 (1935); Chem. Abs., 29, 79 98 (1935), 

«Brigrgs, G. E., Proc. Roy. Soc., 91B, 249 (1920). 

“Chapman, A. G., and Camp., W. H., Ohio J. Sci. 32, 197 (1932); Chem. Abs., 26, 4629 (1932). 

“Osterhout, W. J. V., Am. J. Botany, 5, 105, 511 (1918); Osterhout, W. J. V., and Haas, A. R. S., 
Science, 47, 420 (1918). 
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in darkness and others were placed in light for several days until the chlorophyll 
had bleached to a pale green color. The water in the dishes kept in darkness gave 
negative aldehyde tests and that in those in the light gave positive tests. Aniline , 
dyes were believed to behave similarly. Baur®'^ embedded the chlorophyll in 
collodion with an oxidation-reduction system such as methylene blue or iron 
salts and exposed the layer in water to sunlight. Small quantities of formaldehyde 
could be detected even when the water had been freed from carbon dioxide. The 
presence of carotene increases the yield. Dolk and van Veen were unable to 
reduce carbon dioxide by a protein-containing chlorophyll solution, a reaction 
previously reported by v. Eisler and Portheim.®® 

In the case of Pinus Strobus and Picea excclsa. Burns finds wave-length 
limits for photosynthesis to be 7400 to 4500A approximately. Ursprung found 
starch formation possible between 7600 and 3300A. Both the red and the blue- 
violet regions are regarded as necessary for normal photo synthetic activity by 
Dastur and Mehta.'^^ On the basis of equal incident energies at various wave- 
lengths, Hoover'^® found the entire visible spectrum between 7200-7 500 A and less 
than 3650A to be effective. A principal maximum occurred at 6550A in the red 
and a secondary one at 4400A in the blue. Greater reflection and transmission in 
the green diminished the effectiveness of tliese rays. Harder, Doring and Simonis 
suggest that the assimilatory apparatus of green plants may be able to adapt 
itself to the wave-length of light in which it is grown.*^^ 

A new type of starch formation under the influence of wave-lengths shorter 
than 3000A has been discussed by Richter who postulates the existence of a 
chlorophyllase in the leaf to account for his results. 

The Mode of Action of Chlorophyll in Photosymthesis. The investigation 
of the mechanism of the reaction is unfortunately complicated by the necessity for 
studying it as it occurs in living tissues. Fundamental investigations of the 
process in leaves were made by Blackman'^® in 1905. These led to a recognition 
that the rate of the process as conducted under different conditions may be 
limited by different factors. 

Thus, Hoover, Johnston and Brackett” find that in wheat, carbon dioxide limits the 
rate when higli light intensities are used, although under conditions of Jiigh carbon dioxide 
concentration, light becomes the limiting factor. In an extensive transition range, both 
factors may be limiting, in conseciuence of the wide variation in the illumination and 
carbon dioxide concentration available for different chloroplasts. Blackman had also 
called attention to the influence of temperature in altering the nature of the photo- 

OTBaur, E., Helv Ckitn. Acta. 18, 1157 (1935); 20, 387, 391, 398 (1937). 
wDolk, H. K, and van Veen, A. G., Btochem. Z„ 185, 165 (19«7). 

V. Eisler, M., and Portheim, L., Btochem, Z., 135, 293 (1923). 

Burns, G. K., Science, 78, 130 (1933); Plant Phvsiol.. 8, 247 (1933); 9, 645 (1934); J. Am. 
Chem. Soc„ 59, 944 (1937), Am, / Botany, 24, 257 (1937); Vt. Agr, Expt, Sm , Bull. 402, 2 (1936); 
Chem, Abs., 31, 4699, 5020 (1937), Am. f. Botany, 25, 166 (1938). 

■n Ursprung, A., Bcr. deut. botan, Ges., 35, 44 (1917). 

■^2 Dastur, R. H., and Mehta. R. J.. Ann. Botan., 49, 809 (1935); Chem. Abs., 30, 503 (193 6); 
see also Dastur, R H,, and Saraant, K. M , Ann. Botan., 47, 295 (193.3); Chem. Abs., 27, 42 70 (1933), 
Dastur, R. H., and Solomon, S., Ann. Botan., 1, 147 (1937); Chem, Abs., 31, 2639 (1937). 

'^Hoover, W. H., Smtthsonian Inst. Miscellaneous Collections, 95, No. 21 (1937). No increased action 
due to the joint action of all wave-lengths of white light over that due to the sum of their individual 
effects occurs, according to Montfoit, C., Bcr. deutsch. botan, Ges., 55, 142 (1937); Chem. Abs., 31, 
7089 (1937). An opposite result is noted by Danilov, A. N., Arch. set. hiol. (V S.S.R.), 43, Nos. 2-3, 
365 (1936); Chem. Abs., 32, 6694 (19.38). 

Harder, R.. DSring, B., and Smionis, W., Nachr. Ges. Gbttmgen, Math.^ph^stk. Klasse 

Fach Gruppe, VI, 2, 129 (1936); Chem Abs., 32, 7958 (1938). 

w Richter, O., Sitsber. Akad. Wiss. Wien, Math, naturw. KL, I, 144, 157 (1935); Chem. Abs., 31, 
3762 (1937). 

Blackman, F. F., Proc. Roy. Soc., 76B, 402 (1905); Ann. Botan., 19, 28 (1905). 
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87, 16 (1933); sec also Smith, E. L., J. Gen. Physiol., 22, 21 (1938). 
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synthetic processes**^ The temperature of the leaf also alters transpiration, and changes 
the State of the plasma, alters the ease of penetration of the gases and may have other 
effects, Furtliermore, respiration is also occurring and its effects upon the results reqmre 
consideration. Dhar ^ suggests that an increase in temperature may affect respira- 
tion more than the photosynthetic process. Another complicating factor is the pos- 
sihUity of the existence of enzymes, which may in some raamier be concerned in the 
pro^ss.^ Various methods of killing leaves affect the photosynthetic process about as do 
various methods of inactivating enzymes. Inman “ believes some light-sensitive substance 
contributes to the production of free oxygen in living but not in dead, plant cell tissues. 
It is inactivated by trypsin, but not by pepsin, erepsin, amylopsin, diastase, urease or 
pa^^ain. The maximum evolution of oxygen is obtained between pH 5 and 6. The 
critical temperature for its evolution is 55 “C, regardless of pH ; that for catalase is 70® C. 
Wurmser®® directed attention to the influence of alterations of the cellular reduction 
potential upon the process. Rhythms in the production and disappearance of starch during 
24-hour periods have been observed by Stanescu,®® who followed quantitatively the varia- 
tions in the products in the leaves of green plants during the course of a day. The 
water content of the leaves also exerts a great influence upon the rate of the process.®* 
Wood® showed that the injection of water into a cherry-laurel leaf lowers its rate of 
assimilation until nearly all the injected water has disappeared from the intercellular 
spaces.^ Dehydration of the leaf by a dry wind®® retards photosynthesis. Still another 
factor is the amount of carbohydrate already present.®'^ 

To avoid so far as possible these many complicating factors some of the 
investigations which have proved mOvSt significant in the interpretation of the 
mechanism of the process have been conducted on the algae. Warburg and 
Negelein^® made a scries of observations of the energy exchange in the stems 
of Chlorella using light of four spectral regions. In general the reaction yield 
decreased with decreasing w^ave-length, but no relation could be discerned between 
the yield and tlie absorption coefficients. The yield in the red, a region of high 
absorption, was greater than that in the green, a region of very weak absorption, 
but the yield in the latter case was greater than that in tlie blue, the region of 
strongest absorption. Tlie decomposition in the ultraviolet and in the region 
between 7000 and 7800A could not he accurately determined. There was no utiliza- 
tion of carbon dioxide under the influence of light in the infrared. In Ulva 
lachica, the yield for equal incident intensities was a maximum in the region 
in which the chlorophyll absorption was least, according to Wurmser.®® 

Warburg recognized the need for the absorption of several quanta per molecule 
in order to secure enough energy for the reaction to proceed. The results indi- 
cated that four quanta of red or yellow light or five of blue light were required for 

Chesnokov, V., and BazuJrina, E. N., Compt rend, acad, set. U.R.S.S,, 8, 193 (1930A); 
Chem. Abs., 25, 313, 2457 (1931). A levicw in Russian is given by Nekrasov, N. I., and Krashen- 
nikov, F. N., Uspekki Kkim., 6, 334 (1937). 

WDhar, N. R., .r. Indian Chem. Soc.. 10, 541 (1933); Chem. Ahs., 28, 2293 (1934); .Singh, B N„ 
and Kumar, K., [Proc. Indtan Acad. Set., IB, 736 (1935); Chem. Ahs., 29, 6277 (1935)] consider 
the effects of temperature on the process in radish leaves. 

“MoHsch, H., cited by Stiles, W,, Scientia, 41, 122 (1927); Molisch, H,, Z. Botan., 17, 577 
(1925). 

Inman, O. L., Cold Spring Harbor Symposia Quant. Biol., 3, 184 (1935); Chem. Abs., 30, 
7627 (1936). 

*® Wurmscr, R., Compt, rend soc. bioL, 95, 1237 (1926). 

St&nescu, P. P., Ann, Set. Untv. Jassy, 14, 383 (1927); Chem, Abs., 22, 2390 (1928). 

WDastur, R. H., Ann. Botan., 39, 769 (1925). 

*« Wood, J. G., Australian J. Bxp. Biol, 6, 127 (1929); Chem. Ahs., 24, 1882 (1930). 

Skvortzov, S. S., Bull. Applied Bot., Cen. Plant Breeding. Leningrad, 25, No. 3. 45 (1931): 
Chem. Abs., 26, 5605 (1932). 

Kursanov, A, L,, Planta, Abt. P. Z. wiss. Bial., 20, 535 (1933); Chem Ahs,, 28, 2750 (1934); 
Spoehr, H. A., and Long, F. L, Carnegie Inst IVashington, Yearbook, 17, 60 0918); Lyubimenko. 
V. N., Rev. Gen. Baton., 40, 415, 486 (1928); Chem. Abs., 23, 412 (1929) . 

Warburg, O.* and NegeJein, E.. Z. physik. Chem., 106, 191 (1923). 

»»Wwrmser, R., Compt. rend., 177, 644 (1923); J. Phys. Radium, 7, 33 (1926). The work 
that Einstein's law did not directly account for the photosynthetic behavior of this sea-weed. 
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the decomposition of a molecule of carbon dioxide. When corrections were made 
for the light absorbed by the other photochemically inactive pigments present, it was 
found that more than diree and less than five quanta of blue light were required ^ 
per molecule of carbon dioxide. The energy efficiency of the total reaction, obtained 
by dividing 112 kcal. by four times the equivalent energy of the light employed, was 
found to be 65 per cent for 6600A, 57 per cent for 5780A and 43 per cent for 4360A. 

It was also shown in later experiments conducted at very high and at very 
low light intensities that it is possible to distinguish between the photochemical 
reaction with low temperature coefficient and a subsequent reaction, called by 
Warburg the Blackman reaction. This has a higher temperature coefficient and 
is a thermal reaction.®^ For a given wave-length, the specific photochemical 
reaction is greater the smaller the intensity, and with very low intensities the 
action is proportional to the intensity. 

Narcotics, such as 0.5x10“^ molar phenylurethane, powerfully inhibited both 
the photochemical and the Blackman reactions. Hydrogen cyanide and hydrogen 
sulfide, however, inhibited only the Blackman reaction. 

Considerable information has been yielded by studies of the effect of inter- 
mittent light. By using a rotating sector, Brown and Escombe found that three- 
quarters of the light from a given source could be cut out in each revolution of the 
sector without decreasing the rate of photosynthesis by leaves. Willstatter attributed 
this to the slowness of the diffusion of carbon dioxide to the cells during the dark 
period* In Warburg's experiments with light of high intensity and with a high 
concentration of carbon dioxide, it was found that even in algae, a given amount 
of light reduced more carbon dioxide when applied intermittently than when the 
illumination was continuous. The increase in the yield depended upon the fre- 
quency of the flashing. It was 10 per cent with four periods per minute and 100 
per cent with a frequency of 8000 per minute. Emerson and Arnold believed 
that certain steps in the Blackman reaction proceed during the dark period. When 
the light intensity is high, the initial photochemical reaction is capable of pro- 
ceeding at great speed. In continuous light, however, it can go no faster than 
the Blackman reaction. Since it seemed likely that in the latter, chlorophyll is 
regenerated, it may be that the Blackman reaction limits the rate of the photo- 
chemical process. Higher efficiency of utilization of the light would be obtained 
if each flash lasted only long enough to build up the equilibrium concentration 
of intermediate products and each dark period were long enough to allow the 
slower Blackman reaction time to use up all the intermediate products present 
at the end of the light period. By using only fifty flashes per second and 
making the flashes much shorter than the dark periods, Emerson and Arnold were 
able to increase the yield by 300 to 400 per cent of that under continuous illumina- 
tion. The necessary dark period varied from about 0.03 to 0.4 second, depending 
on the temperature. The light period could be reduced to 0.00001 second. The 
light reaction is dependent upon the carhetn dioxide concentration and is inhibited 
by narcotics. They differed from Warburg in not finding the dark reaction inhibited 
by narcotics, although it is inhibited by cyanides. It is independent of the carbon 
dioxide concentration. From the speed of the light reaction, it was suggested that 
a chlorophyll-carbon dioxide complex may be activated to form molecules capable 
of undergoing the Blackman reaction. 

Warburg, O., Biochem. 166, 386 (1925); 100, 230 (1919); 103, 188 (1920). 

Brown, H. T., and Escombe, F., Proc. Roy, Soc,, 76B, 29 (1905). For reviews, see BHggs, 
G. E., Bwt. Review Cambridge Phil, Soc., 10, 460 (1935); Emerson, R., Eneymforsch., 5, 30S (1936). 

»» Emerson, R., and Arnold, W., /. Gen. Physiol., 15, 391 (1931-2); 12, 623 (1929). There is 
no similarity between the Blackman re.action and the decomposition of hydrogen peroxide by ChhreUa, 
according to Fmetson, R , and Green, L., Plant Physiol., 12, 537 (1937). ' 
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From studies on several higher plants, Briggs concluded that, contrary to 
the results of Warburg and Negelein, the number of quanta required for tlie 
production of a molecule of carbon dioxide increases discontinuously with increas- 
ing wave-length. In the case of spruce, Burns found the relative number of 
quanta required per molecule of carbon dioxide to be 9.5, 10 and S for the wave- 
length regions 7200-6300A, 7200-5600A and 4700-3900A. Thus the quantum 
yields were much smaller than those found by Warburg, Recently, Manning, 
Stauffer, Duggar and Daniels reported that an extensive series of investigations 
had failed to confirm the quantum yield for Chlorella reported by Warburg as 
0.25. Instead, the value was much lower, 0.05, and in some experiments, par- 
tictilarly those with higher light intensities, was still lower, even approximating 
zero. No explanation of the discrepancy could be advanced. It was pointed 
out that the Warburg result.? indicated a high enough efficiency in the utilization 
of the energy for it to be proBtable to attempt formulations of the mechanism of 
the coupled reactions which occur. The newer low quantum yields, however, make 
possible a large number of conceivable mechanisms, and leave our knowledge of 
the nature of this fundamental reaction in a chaotic state. Only a brief dis- 
cussion will, therefore, be given of a few of the mechanisms which have been 
suggested.®^ 

The mechanism suggested by Willstatter and Stoll was based upon their belief 
that carbon dioxide reacts with chlorophyll-a to form a carbon dioxide-chlorophyll 
complex of the same color as chlorophyll.®^ The absorption of light was thought 
to convert this into an isomer of peroxide-like nature. This is capable of liberating 
oxygen and an oxymethylene group with regeneration of chlorophyll.®® Several 
observations by Warburg lent support to this theory. Chlorella in 0.03 molar 
hydrogen peroxide solution in darkness evolved the same amount of oxygen as does 
the same amount of the irradiated algae in the Blackman reaction. The effects 
of temperature, hydrogen cyanide and narcotics on the Blackman reaction and the 
evolution of oxygen from hydrogen peroxide by Chlorella were similar. 

Photosynthesis occurs in the absence of oxygen in at least 14 species of 
marine algae. Within a second of the illumination, oxygen is liberated and may be 
detected by its action on luminous bacteria.^®® This is confirmed by Gaffron.^®^ 
Carbon monoxide influences the process, possibly by an action on an enzyme 
assumed to control the liberation of oxygen in the Blackman reaction. Kohn ^®® 
finds that iodoacedc acid and its amide inhibit photosynthesis by attacking the 
Blackman reaction. 


Ostwald“® suggested the possibility of a primary photoactivation to a lipoid peroxide 
at an interface between lipoid and protein, the assumed reaction being in some manner 
promoted by chlorophyll, which was not thought to enter <Sr«ctly into the mechanism. 


“Briggs, G. E., Proc, Boy. Soc., 105B, 1 (1929); Brit. Chem. Ahs. A, 960 (1929). 

“Burns, G. R., Plant Phvsiol., 8, 247 (1933); Chetn Abs., 27, 3239 (1933). 

“Manning, W. M., Stauffer, J. F., Duggar, B. M,, and Daniels, F., J. Am. Chem. Soc., 60, 
266 (1938); Manning, W. M., Juday, C., and Wolf, M, ibid., 274; Trans. Wis. Acad. Set. 31, 377 
(1938). 


“Adams, E. Q., interprets the results as indicating an efficiency of 98.6 per cent [I. Am. Chem. 
Soc., 48, 292 (1926)1 if the fundamental reaction is assumed to be CO 2 + 3HjO HOTO 4 2H£Oa. 

“ Pfeil sticker, K., Biochem. Z., 199, 12 (1928) applied stereochemical idea.s to the theory of 
photosynthesis. 

“Willstatter, R., and Stoll, A., Ber., 50, 1791 (1917); see also Peklo, J., Chem. News, 129, 
90 (1924). 

“An earlier theory of Willstatter, since discarded, assumed a participation of xanthophyll and 
carotene. Sec also Heilbron, T. M., /, Soc. Chem. Ind., 43, 89T (1924); Chem. Abs., 15, 3072 (i921). 
‘“Harvey, E. N., Plant Physiol., 3, 85 (1928); Chem. Abs., 23, 185 (1929). 
twGaffron, H„ Biochem, Z., 280, 337 (1935). 
iWKohn, H. I., /. Gen. Physiol., 19, 23 (1935). 

‘“dstwald. Wo.. KolloidZ., 33. 3 56 (1923). 
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Attention was also devoted to the possibility that light enables the chlorophyll in some 
manner to split hydrogen from water, produdng hydrogen peroxide* Thunberg^ sug- 
gested that hydrogen, carbon dioxide and water might react to produce oxygen and 
HiCO?, the latter breaking down to formaldehyde and water. A^eigert^'® suggested that 
in an internal photoelectric eflPect in a chlorophyll-water complex, the passage of an ' 
electron from the pigment to the water with the production of a hydrogen atom and 
hydroxyl ion may occur. Two hydroxyl ions might then form hydrogen peroxide, return- 
ing the electrons to chlorophyll molecules. 

Shibata and Yakushiji suggest that the chlorophyll-carbonic acid complex 
binds four water molecules coordinatively to the magnesium atom. The absorption 
of four quanta activates the water molecules of the complex forming four hydrogen 
atoms and four hydroxyl groups. The hydrogen atoms react with carbonic acid with 
the formation of formaldehyde and two molecules of water. The four hydroxyl 
radicals form two molecules of hydrogen peroxide which are subsequently decom- 
posed to water and oxygen by the leaf catalase. The catalase poison, hydroxylamitie, 
added in low concentrations, inhibits the liberation of oxygen and changes assimila- 
tion into respiration. This theory was developed particularly to account for the 
now disputed quantum yield of 0,25. 

Kogel believed that chlorophyll activates the carbon dioxide and forms 
( 0 H) 2 C( 0 H )2 as the initial product. 

Kautsky and Hirsch studied the changes in the fluorescence of chlorophyll 
in leaves during exposure to light. The intensity of the fluorescence rises rapidly to 
a maximum (one second) and then slowly drops (four minutes) to a low value, 
which thereafter remains constant. At 0**C., or after the addition of hydrogen 
cyanide, the initial rise still occurs but there is no subsequent decrease. It is 
suggested that the period of falling fluorescence intensity represents an induction 
period during which the Blackman reaction occurs. Normal assimilation is assumed 
to occur on the final weak fluorescent level of the curve for the fluorescence intensity 
at various times during irradiation. The steep initial rise in the curve, which is 
independent of temperature or cyanide, increases with the light intensity. It is 
ascribed to the establishment of the photochemical equilibrium : 

Chlorophyll-C02+/i»^Chlorophyll-formaldehyde peroxide. The fluorescence 
is largely inhibited by oxygen. The absorption of a quantum by the pigment 
system activates it so that it fluoresces intensely. The fluorescence may then be 
quenched by the transfer of the excitation energy to an unidentified compound 
containing loosely bound molecular oxygen, designated A(02). This energy 
(about 37 kcal. or a little less than the red fluorescence, 42 kcal.) stabilizes the 
oxygen compound- The energy-transfer is a surface phenomenon, which can be 
abolished by such a surface-active substance as phenyluretlianc. The stable excited 
oxygen compound is changed back to the dissociable one in the chloroplasts by a 

*0^ Thunberg, T., Z physik Chem , 106, 30S (1923). A substance hbn at mg -iodine fiom potassium 
iodide IS said to lie formed when leaves ot sugai taije (.also stalks and roots) aic exposed to sunlight 
Fujn, M., and Nishioeda, M., Rept. Gov. Sugar Expt. Sta.f Vaitian, Formosa^ No. 47 (1938); 
Chem. Abs., 32, 8487 (1938). 

i^Weigert, F., Z. phystk. Chem.. 106, 313 (1923). 

Shibata, K., and Yakushiji, E, Natunviss , 21, 267 (1933); V^akushiji, E, A(ta Phvtochim., 

7, 93 (1933); Chem. Abs., 27, 42 69 (1933). 

Kogel, G., Natur^viss., 19 , 571 (1931). 

^0® Kautsky, H. and llnseh, A., Naiurwiss , 19 , 964 (1931); Kautsky, H, and Spohn, H., 

Biochem. Z . 274, 435 (1934); 277, 250 (1935). 

Kautsky, 11 , Hirsch. A., and Davidshofer, F., Ber., 65 , 1762 (1932); them. Abs , 27, 1029 (1933), 
Dastui, R. 11., and Desai, B. L., [Annal. Botan , 47, 69 (1933)] interpret the curves for fluorescence 
on the basis of a double photo-z eaction involving, fust the activation of carbon dioxide and second, 
the decomposition of water. 

^Kautsky, H., and Hirsch, A., Biochem. Z.. 274, 423 (1934). For recent studies of fluorescence 
in Chlorclla, see Wassink, E. C., Vermculen, D., Reman, G. H., and Katr., E., Ensymologxay 5, 
100, 110 (1938). 
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heavy metal catalyst, liberating oxygen, energy and the substance A. The latter 
again combines with molecular oxygen. It is this reaction which depends upon 
temperature and which is inhibited by cyanides. The energy liberated in the break- 
down of the oxygen compound is utilized in the reduction of carbon dioxide. 

That the dehydrogenation of chlorophyll may play a part in the photosynthetic 
process was suggested by Conant, Dietz and Kamerling.^^^ In a dark enzymatic 
process, six molecules of carbon dioxide may remove two hydrogen atoms from 
each of twelve chlorophyll molecules forming a hexose, six molecules of water 
and twelve of dehydrochlorophylL In a subsequent photochemical reaction, chloro- 
phyll is regenerated by abstracting hydrogen from water, releasing its oxygen. 

On the basis of some observations by Stoll Willstatter altered the Conant 
concept of the process. In place of assuming that the hydrogen atoms of chlorophyll 
are lost as a pair in its dehydrogemition, he considered them to transfer separately, 
monodehydrochlorophyll thus acting as an intermediary compound. It is formed 
by the action of an oxygen molecule upon chlorophyll and is converted into dehydro- 
chlorophyil by the transfer of its hydrogen atom to the magnesium carbonic acid 
complex. Then, in light, the dehydrochlorophyll, acting with water, reforms mono- 
dehydrochlorophyll and the hydroxyl radical. The former then again transfers its 
hydrogen to the magnesium-carbonic acid complex and the resulting dehydrochloro- 
phyll again absorbs light After the transfer of four hydrogen atoms to the mag- 
nesium complex with carbonic acid, the dehydro- and monodehydro-compounds are 
reconverted into chlorophyll by the light reaction and by a reaction in which water 
and monodehydrochlorophyll form the hydroxyl radical and chlorophyll. 

Franck believed that the Willstatter mechanism, with monodehydrochlorophyll 
as the significant compound, could be altered slightly to correspond to the energy 
yields of the reaction and with the data of the Kautsky fluorescence curves. The 
initial rise in the Kautsky curve corresponds to a photo-process in which hydro- 
genated chlorophyll gives monodehydrochlorophyll and atomic hydrogen, the latter 
reacting with oxygen and water to give hydrogen dioxide. The photochemical yield 
of this reaction is poor. The subsequent drop in the fluorescence corresponds to a 
process in which monodehydrochlorophyll reacts with carbon dioxide with the pro- 
duction of bydroxychlorophyll and formic acid. In subsequent reactions in light, 
monodehydrochlorophyll, formaldehyde and hydrogen peroxide are produced. 
During the slow dark reaction, the original hydrogenated chlorophyll is reformed. 
It will be noted that the Franck theory assumes a photo-dissociation of a lightly 
bound hydrogen atom from chlorophyll. The recombination of this hydrogen 
atom produces a chemiluminescence of the same color as that of the fluorescence. 
It is, therefore, possible to determine from the fluorescence wave-length limits the 
energy required for the separation of the hydrogen atom. From the long wave- 
length limit of the narrow fluorescent band at 6800A, this is concluded to be 41.4 
kcal. 

The reactions of the Franck preparatory photoprocesses are written : 

(1) HH-Chlorophyll -f In > H-Chlorophyll + H. 

(2) H + Oa > O 2 H 

(3) OJI +HsO > H 3 O 3 4 OH 

(4) OH 4 OH > HaOi. 

I'onant, J. B, Dietz, E. M.. and Kumcriinfr, .S. E., Science, 73, 208 (’1931) 

Stoll, A, Naturwiss., 20, 955 (1932). 
w* Willstatter, R., Naturwus., 21, 252 (1933). 

Franck, J., Naturwiss.^ 23, 226 (1935); Chem. Bcv., 17, 443 (1935). 
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The equjations for th^ assimilation process proper are written: 
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(1) H—Chlorophyll 4* -f hv 
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OH 


(2) OH —Chlorophyll + 
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(3) H-Chlorophyll + '^C=0 + hv 

TK 

(4) OH-Chlorophyll + HsO + hv > 


H. 




-» f)T1-niIorophvl1 H )C=0 
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II— Chlorophyll 4-HaOa. 


These equations were held to be energetically possible. In (1) and (3), light 
causes a change in position of an hydroxyl group of the bound carbonic or formic 
acid with a hydrogen atom of chlorophyll. In each case the hydrogen atom is the 
more firmly bound. 

As to the possibility of reactions (2) and (4) it is said that it is necessary to 
supply enough energy to dissociate water into H and OH and in addition to 
separate the OH from the clilorophyll residue. The former requires 115 kcal. and 
the latter about 20 kcal., assuming the hydroxyl group to be at most half as 
firmly bound as the hydrogen on chlorophyll. There are available 41 kcal. by 
absorption of a quantum, and the same amount by the binding of a hydrogen atom on 
the chlorophyll residue and finally 52 kcal. from the combination of two hydroxyl 
groups to hydrogen peroxide. The new feature in the Franck formulation is the 
production of the more loosely bound OH-chlorophyll ; this was believed to over- 
come the energetic difficulties in the previous formulation of the mechanism by 
Willstatter. 

Oxygon is assumed necessary only for the preparatory processes. In its absence, 
irradiation would lead to the production of some carbon dioxide and the strongly 
fluorescent dehydrochlorophyll. This was believed to lose its energy by fluorescence 
most readily. This was held to explain the Kautsky curves in the absence of oxygen 
in which the fluorescence rose rapidly to a maximum after which it remained 
constant. Kautsky, however, states that his curve of this type was obtained in 
the presence of small amounts of oxygen, but not in its absence. When oxygen 
was absent, he could observe no fluorescence. Moreover, Kautsky maintains that his 
conception of the processes is in agreement with the work of Warburg on the 
separation of the process into a photochemical one and the Blackman reaction. 

The study of fluorescence spectra has been extended to that of pheophorbide-^ 
by Knorr and Albers, who follow its change during irradiation in the presence 
of various gases, oxygen, nitrogen and carbon dioxide. 

Wohl shows that the energy of four quanta of 6800 A, light which still gives 
photosynthesis, is smaller than the energy difference between the initial and final 


Kautsky, H., Naturwiss., 23, 389 (1935); Kautsky, H., and Flesch, W.. Biorhem, Z., 284, 
412 (1936); Kautsky, H., and Marx, A., Nahtrwiss., 24, 317 (1936); Biochem, Z., 290. 248 (1937); 
Kautsky, H., and Hormuth, R., NaturzvUs., 24, 650 (1936); Biochein. Z,, 291, 285 (1937); Kautsky, 
H., Ib%d., 291, 271 (1937). 

Knorr, H. V, and Albers, V. M., Phys. Rev., 47, 329 (1935); Cold Storing Harbor Svmposia 
Quant. Biol., 3, 87, 98 (1935). 

UTWohl, K., Z. pkysik. Chem., 31B, 152 (1935); see also Gaffron. H., and WoW, K.. 
Naturwiss,, 24, 81. 103 (1936). 
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products of the overall reaction for the Franck mechanism, 192 kcal. At 6600A 
four quanta give 172 kcal. Franck and Herzfeld suggest that for such a 
fluorescent, polyatomic molecule as chlorophyll, which has many degrees of free- 
dom, tile missing 20 kcal. may be supplied from the thermal energy. Franck 
has subsequently altered his suggested mechanism.^ The preparatory reaction 
was shown unnecessary by Gaffron.^^'^ The assumption of hydrogen peroxide is 
avoided in Franck's most recent medianism. The chlorophyll-carbonic acid com- 
plex is assumed to be attached to an organic molecule ROH. Tlie absorption of a 
quantum is thought to convert this into a peracid. 


HO 


Chi 


HO 


^C=0, ROH + hv 


HO. .R 

Chi ;c( 

HO"'^ ^OOH 


( 1 ) 


In a thermal enzyme reaction, this peracid is converted into an acid with libera- 
tion of oxygen. 
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Absorption of another quantum produces formic acid. 
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which may then liberate oxygen in a thermal enzvmc process. 
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The aldehyde on absorption of a quantum may then produce formaldehyde. 
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It is not possible in a limited space to discuss the mathematical developments 
of these reactions made by Franck, and their application to the rapidly accumulating 
body of experimental data. Gaffron suggests that a free-moving enzyme of the 
Blackman reaction forms in the dark an inactive dissociable oxvgen compound. 
The complex can be activated by excess light energy when in a reducing location. 
He believes this may explain the observed rapid oxygen consumption directlv after 
intensive illumination, and the high temperature coefficient of the induction. 

Wohl gives reasons for believing the Franck and Herzfeld reaction chain 

51® Franck, T., and Herzfeld, K. F., 7. Phys. Chem., 41, 97 (1937); Franck, T., 7. Wash. Acad. Set., 
27, 317 (1937). 

Franck, J., and Herzfeld, K F , 7. Chem Physics, 5, 237 (1937) 
w Gaffron. H., Naturwiss., 23, 528 (1935). 

Gaffron, H., Naturunss., 25, 460 (1937); Chem, Abs,, 31, 8557 (1937); Natunvhss., 25, 715 
(1937); Chem Abs., 32, 2977 (1931). 
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mechanism kinetically impossible.^^^ is recently suggested by Baas-Becking and 
Hansan that in the chloroplast the chlorophyll molecules occur in planes and are 
oriented in tetrads with the pentanon ring of each pointing to the same center, 
and that orthocarbonic acid is fixed at this center by the active hydrogen atoms 
of the four chlorophyll molecules. 

Knoll, Matthews and Crist regard the Blackman reaction as an enzymatic 
decomposition of a peroxide formed in the phpto-process. They find it the rate- 
determining process in the oxygen evolution at high light intensities and high 
carbon dioxide concentrations.^*-^^ 

Because of their highly controversial and speculative nature, further con- 
sideration of the details of theories of the photosynthetic mechanism must be 
left to the specialist in this most important field. 

Photosynthetic Units. In intermittent light experiments on cells with varied chlo- 
rophyll content, Emerson and Arnold showed tliat fur every 2480 molecules of 
chlorophyll one molecule of carbon dioxide was reduced in a single flash. This means 
either that the quantum efiiciency is very low or that most of the light is absorbed by 
chlorophyll molecules not in contact witli carbon dioxide. The suggestion was made that 
2480 molecules function as a unit to reduce one molecule of carbon dioxide. The mean 
time for a unit to complete the cycle of photochemical and Blackman reactions was 
calculated to be between 0.01 and 0.02 second. The existence of such a photo- 
synthetic unit w'as sub.sequently detected in work on six plant species.^*® More recently, 
Kohn^'^ by measuring the oxygen production on exposure of green algae to flashes from 
a neon tube found only 360 molecules of chlorophyll to comprise the photosynthetic unit 
Weiss accounts for the existence of the unit by assuming that about 500 molecules in 
the interior of a hpoid phase absorb and hand on the necessary quanta for one molecule 
on the surface. He also believes ferrous ions at the surface play a role in the reduction. 
It may be noted that Franck regards the assumption of photosynthetic units as unneces- 
sary. Weiss also discusses the nicKlc of transfer of excitation energy from molecule 
to molecule in the complex.^’® 

Important studies have recently been made on the course of photosynthesis in 
certain purple bacteria w'^hich promise to throw some light on the evolution of 
photosynthetic mechanisms. Van Niel observed that some of these organisms 
require the absorption of but one quantum. On the other hand, French 
states that the process is similar to that in green plants. Recently, the quantum 
yield has been found to be much lower, twelve to eighteen quanta (8500-8900 
or 5900A) being required to reduce a molecule of carbon dioxide.^*^^ 

The possibility that a chromoprotein as phycocrythrin may act as the sensitizer 
in the red algae has been discussed by Wurmser and by Moore, Whitley and 

i^Wohl, K., Z. physik. Chem , B37, 122, 169 (1937). 

123 Baas-Beckmg, L. G. M., and Hanson, E. A., Proc. Acad. Set, Amsterdam, 40, 792 (1937) ; 

Chrm. Abs., 32, 2178 (1938) 

124 Knoll, A F, Matthews, F. h,, Jr., and Oist, R. H., /. Chrm. Phys,. 6, 109 (1938). For 
recent kinetic data on photosynthesis, especially the induction period, in sint^fe fionds of Cabomba 
carolimana, see E. L. Smith, J Gen. Physiol.. 20, 807 (1937); 21, 151 (1937). 

12® Emerson, R., and Arnold, W.. J. Ccn. Physiol., 16, 191 (1932). 

12® Arnold, W,, and Kohn, H. I,, .f. Gen. Physiol., 18, 109 (1934); see also Arnold, W., Ibid, 
17, 13S (1933). 

127 Kohn, 11. L, Nature, 137, 706 (193 6) . 

Weiss. J., J. Gen. Physiol, 20, 501 (1937). See also Woht, K., Z. physik. Chem., B37, 
105, 186, 209 (1937). 

12B Weiss. J., Nature, 141, 248 (1938). 

12® Van Niel, C. B., Cold Spring Ilatbor Symposia Quant. Ihol., 3, 138 (1935); Chem Ahs , 
30, 6782 (1936); GafFron, H., Bioihcm Z, 275, 301 (193 5); van Niel, C- B.. Bull, assoc dtplomes 
mirrobiol, facultc pkarm. Nancy, Ho. 13, 3 (1936); Sapozhnikov, D. I., Biokhimiya, 2, 181 (1937); 
Chem. Abs, 31, 79J3 (1937). 

131 Flench, C. S., Science, 84, 5 7 5 (1936); /. Gen. Physiol, 21, 71 (1937). See also Nakamura, 
H., Acta Phvtochim. (Japan), 9, 189, 231 (1937); Chem, Abs., 31, 7465 (1937); Acta Phytochim. 
(Japan). 10, 211 (1937); Chem. Abs., 32, 210 (1938). 

^2Eyrneih, J. G., and Wassink, E, C., Ensymologia, 2 , 291 (1938); Chem, Abs., 32, 5436 (1938). 
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Wcb$ter»^^ Montfort^^® finds fncoxanthin in brown algae to have a definite 
physiological function in increasing the photosynthetic efficiency in blue light. 
Instead of falling off from the red to the blue, it increases in some species to a value 
three times as high as required by the quantum theory and to more than twice the 
efficiency in red light. Carotene and xanthophyll in plants in which they are present 
appear not to have a part in increasing the efficiency.^*® In Chlorella, respiration 
and photosynthesis are retarded by 88 per cent heavy water.^*^ Pratt, Craig and 
Trelease found that although 99.9 per cent heavy water depressed photosynthesis 
to 41 per cent of that in water in bright light, it showed little difference from 
water at low light intensities. The lower rate suggested that deuterium exchanges 
for hydrogen at a critical point in some molecule involved in one of the dark 
1 ‘eactions. The respiration is less retarded by heavy water. The temperature 
coefficients of photosynthesis in H 2 O and D^O were the same in the range 
10-30 *C, but higher for D^O than water between 30 and 46 '^C. 

Plane-polarized light formed no different amount of starch from that produced 
by ordinary light in the leaves of Allium cepa or Helianthus annutis}^^ On the 
other hand, elliptically polarized light retarded the formation of carbohydrates in 
leaves.^^® Leaves were also said to absorb a larger amount of energy from polar- 
ized than from ordinary light. 

It has been suggested that ester formation in plants is due to the ultraviolet 
rays of simlight.^^^ Pal finds light necessary for not only the conjugation of 
Spirogyra, but also for the conversion of carbohydrates to fats or oils. In dark- 
ness, there occurs a conversion of fats to carbohydrates. Our knowledge of the 
photosynthesis of volatile oils and allied principles is still speculative.^^* 

Photosjmthcsis of Proteins. Baly, Hcilhron and Hudson reported that 
activated formaldehyde, produced photochemically according to the disputed meth- 
ods of Baly, reacts rapidly with nitrites with the formation of hydroxamic acid, the 
reaction taking precedence over the polymerization of the formaldehyde to reduc- 
ing sugars. Formhydroxaniic acid is assumed by Baly to react further in vari- 
ous ways with activated formaldehyde to give rise to a-amino acids and nitrogen 
bases, including even alkaloids. Baly and co-workers believed they had isolated 
two alkaloids and an amino-acid like histidine formed in this manner in in intro 

^"Wurmser, R., Ttew. Inst. Physiol. Gen. Strasshourg, 1919-20, them. 19, 3289 (1925). 

Moore, B., Whitley, E., and Websltir, T. A., i6ih Ann. Report. Oceanography, (Liverpool) 
1922; Chem. Ahs., 19, 3289 (1925). 

^ Montfort, C., Jahrh. wiss. Botan., 83, 725 (193t>), Chem Ahs., 31, 4693 (1937), Schmidt, G., 
Jahrb. wtss. Botan., 85, 554 (1937); Chem. Abs., 32, 3788 (1938). 

“*See, however, Sapozhmkov, D. I., Biokhtmtya, 2, 730 (1937), Chem Abs., 32, 6673 (1938), 

Shihata, K, and Watanabe, A., Acta Phytorhtm , 9, 107 (1936); Chem. Abs., 30, 8272 
(1936). 

«« Pratt, R., Craig, F. N., and Tielease, S. F., .Science, 85, 271 (1937); Am. I. Botan., 24, 
232 (1937); Curry, J., and Trclease, S. F., Science, 82, 18 (1935); Pratt, R., and Trelease, S. F., 
Am, J. Botany, 25, 133 (1938). 

^Daatur, R. H., and Asana, R. D., Ann. Botany, 46 879 (1932); Chem. Abs., 27, 2709 (1933); 
Johnston, E. S , Smithsonian Inst. Pub. Mtsc. Collections, 96, No. 3 (1937). 

^*®Daatur, R. H., and Gunjikar, L. K, Amt. Botan., 48, 1003 (1934); 49, 273 (1935); Chem. 

Abs., 29, 1456, 5877 (1935). See, however, Semmens, E., Nature,, 134, 813 (1934); 130, 243 

(1932); Bot. Gae., 90, 412 (1930); Chem. Abs., 25, 983 (1931). 

Stoeimer, R., and Ladewig, 11., Ber , 47, 1804 (1914). 

i«Pal, N. L., New Phytol , 33, 242 (1934); Chem .Abs., 29, 2^97 (1935). 

Singleton, F., Chem. & Ind., 50, 989 (1931). 

1** Baly, E. C. C, Heilbron, 1. M., and Hudson, 1). P , 7 Chem. Soc , 121, 1078 (1922), L 

Soe. Chem Ind, 41, 609A (1922); Chem Abs., 16, 3463 (1922); Baly, E. C. C., Hedbion. I. M. 

and Stern, H. J., J. Chem. Soc., 123, 185 (1923), Chem. Abs., 17, 1421 (1923). 

^Either diffused daylight or ultraviolet, according to Baudi.sch, O., [Ber., 44, 1009 (1911); 
49, 1176 (1916); 51, 793 (1918)J causes methanol to react with potassium nitrite, yielding the 
potassium salt of formhydroxamic acid, CHOH=NOK. 
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experiments. Snow and Stone, however* pointed out that the identification of 
these alkaloids had been insufficient, and that certain simpler compounds would 
yield the tests which had been described. 

Burk made over five hundred experiments to detect the formation of com- 
plex nitrogen compounds by the action of intense sunlight and colored inorganic 
catalysts upon ammonia and such carbon compounds as carbon dioxide, formic 
acid, formaldehyde or dextrose. The results were in general negative. The only 
type of reaction observed was the oxidation of ammonia to nitrate which occurred in 
the presence of ferric chloride, or to nitrites and nitrates in the presence of zinc 
or mercuric oxide. Hydroxylamine and hydrogen peroxide, or complex nitrate 
compounds were never produced. 

Recently, however, Bhargava and Dhar,^^® claimed success in the production 
of nicotine and methylaraine by exposing a small quantity of ammonia and a 2 
per cent solution of formaldehyde to a mercury-vapor lamp or to sunlight in the 
presence of zinc oxide, titanium dioxide or copper carbonate. Dhar and Muk- 
herjee^^® also claimed that a similar exposure of 0.5N solutions of ammonium, 
potassium or sodium nitrate, containing glucose, tartaric acid, glycerol, arabinose, 
fructose, mannose or galactose, gave positive colorimetric tests for amino-acids. 
The yields were best with ammonium nitrate and none were formed in darkness 
or when ammonium hydroxide was used as the nitrogen source. The amounts 
of amino-acids reached a maximum in four to six hours, after which they were 
removed by oxidation. 

Urban finds that ammonia nitrogen is taken up by Chlorella and other forms 
more rapidly in light. Loose and Pearsall find that in this organism the velocity 
of protein synthesis is five times as great in light as in darknCvSS. If sufficient 
carbohydrate is available, the final equilibrium is similar.^®^ 

According to Tottingham and Louwsnia,'^® a 50 to 400 per cent increase in the 
blue, violet and long ultraviolet rays increases the absorption of nitrate? and to 
a smaller extent the synthesis of proteins by wheat. When the short wave-length 
limit is extended from 4000 to 3700A, there is no change. When it is extended 
to 3000 A there is an increase in the absorption but not in the assimilation of 
nitrates. The admission of rays as short as 2800A decreases the formation of 
tissue and proteins. Although increasing the proportion of blue to violet light by 
supplementing Mazda lamps by carbon arcs increases the percentage of protein in 
young wheat plants, it decreases the pentosans and crude fiber.^^^ Solar ultra- 
violet causes more marked changes and increases the percentage of lipids and of 
uronic acid. 

In tobacco stalks and leaves, light probably leads to a synthesis of glutamine. 

MflSnow, O. W., and Stone, J. F. S., J. Chem, Soc., 123., 15 09 (192 3); Chem, Abs , 17. 2865 
(1923). 

D., J, Phys them., 31, 1338 (1927). Sec also Calcagni. G., Rev. btal., 22, 92 (1937); 
Chm. Abs., 32, 4625 (1938). 

Bhargava, L. N., and Dhar, N. R., /. Indtan Chem. Soc., 10, 453 (1933); Chem. Abs., 28, 
413 (1934). 

woDhar, N. R., and Mukheriec. S. K., Nature, 134, 499 (1934); J, Indian Chem, Soc„ U, 
727 (1934); Chem. Abs., 29, 2450 0935). 

Urban, O., Jahrbuch fViss. Botan., 75, 1 (1932); Chem. Abs, 26, 4629 (1932), 

Loose, L., and Pearsall, W. H., Nature, 171, 362 (1933). 

W52 poj. blue-green alga, Nostoc, see Allison, F. E., and Hoover, S. R., Trans, Srd Intern. 
Congress Sod Set, Oxford, 1, 145 (1935); Chem. Abs., 29, 8203 (1935). 

Tottingham, W. E., and I-ouwsma, H. W., J. Am. Chem. Soc.. 50, 2436 (1928); Tottingham, 
W. Stephens, 11. L., and Lease, E. J., Plant Physiol., 9, 127 (1934); Chem. Abs., 28, 3444 (1934). 

^Tottingham, W. E., and Lease, E. J., Science, 80, 615 (1934); J. Am, Chem. Soc., 57, 
2613 (193S), 
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Malic acid diminishes and citric acid increases in cultures in darkness. Oxalic 
acid is unchanged.^®® 

Small amounts of ultraviolet light cause an increase in the nitrogen content of 
Simpis alba.^^^ 

3BB Vickery, H. B . Pticher, G, W., Wakcman» A. J , and Leavenworth, C. S., Conn. Agr. 
Uxpt. SU., BnlL 407, lU (1938); Chem. Abs„ 32, 5441 (1938); J. Biol. Chem„ 119, 369. 523 
(1937), 

Kahos, W. J., Rec. trav. botan. ncctland.^ 33, 447 (193o), them Ahs., 32, 212 (1938). 



Chapter 44 

Effects of Ultraviolet Radiations on Plants 


Although de Lifna^ found that ultraviolet light has no effect on germinating 
rye, others have claimed that, at least in certain wave-length regions, it stimulates 
germination. DeWolf and Fry*^ proposed to subject seeds before sowing to the 
action of ultraviolet rays from a mercury-vapor lamp or other source, with or 
without previous treatment in water or a solution of sodium nitrate or manure. 
Heinisch^ believed the germinating power of unripe barley to be considerably 
improved by ultraviolet irradiation. If, however, the same barley had been allowed 
to ripen before harvesting, the effect of irradiation was less striking. 

Many workers have, however, shown that in general unfiltered mercury arc 
irradiations are harmful to germinating plants. In the case of dry seeds, lack of 
penetration of the coats may prevent these effects from becoming readily apparent. 
There is general agreement that if radiations of wave-length shorter than 2900A 
are applied, lethal action will result, as discussed in Chapter 33 in the case of 
bacteria and other organisms.^ 

Some authors have recently claimed that there is a stimulating action of ultra- 
violet rays longer than the lethal limit. Higgins and Sheard ^ found wave- 
lengths between 3200 and 3900A transmitted by a Corning ultraglass filter 586 AW, 
particularly effective in producing germination and growth of cucumber seeds. 
Rays between 2700 and 3200A delayed the time of germination and reduced the rate 
of growth. 

Gilles believed the germination of lentil and turnip seeds accelerated but 
their growth somowliat diminishocl by mercury-arc irradiation. A few other 
workers claimed to have obtained a stimulating action by filtered ultraviolet, applying 
wave-lengths in the region of 3650 A or those of daylight.^ 

These reports have been criticized by Popp and Brown,® largely because the 

1 7'he interested reader may find summaries of the extensive work on the effects of visible light 
in the book edited by Duggar, B. M,, “Biological Effects of Radiation,’* New York, McGraw-Hill 
Book Company, Inc., 1936 

- dc Lima, P., Compt. rend., 105, 493 (1930). 

* t)e Wolf, C. E,, and Fry, 11 E., British ‘P, 23,339, Oct IS, 1913; Chem. Abs,, 9, 950 (1915). 

* Hcinisch, O., Worhsrhr Brau., 49, 348 (1932), Chem, Abs.,27f 3028 (1933); de Fazi, R., 
Atti Acad. Lincei, 11, 1022 (1930); Chem. Abs., 25, 3121 (1931); Kanicnskii, K. V., and Oreldiova, 
T A, Bull Applied Botany, Genetics Plant Bieedtna (U SS R.), her. IV, No. 2, 67 (1937), 
Chem Abs, 31. 5843 (1937). 

'‘Carl, Bevtr. Biol. Pflane. (Cohn’s), 12, 435 (1914), SibiUa, C, Bull, soc Bot. liaL, 160 
(1925) cited by Popp, H. W., and Brown, F., in Daggar, B. M. “Biological Effects ot Radiation," 
New York, McGraw-Hill Book Co,, Inc., 1936, If, Chapter 26. Dane, II. R., Scxence, 66, 80 (1927); 
Delf. E. M,, Ritson, K., and Westbrook, A., Brit. J. Exptl. Biol., 5, 138 (1927); Cluzet, j., and 
Kofraan, T., Compt rend ioe. bioL, 101. 820 (192'^). 

« Higgins, G. M, and Sheard, C, Plant Physwl., 2, 325 (1927), them. Ah^ , 22, .5685 (19J8) 

Gillcs, E, Compt. fend, sue, btol , 109, 739 (1932); Chem. Abs, 27, 3969 (1933) Gilles 
reviews wuik suliseiiuent to 1881 and concludes light less than 2900A favors germination, but 
affects adult plants adversely The langc 2900 to 3100A favois plant development. Ann. nnw, 
Lyon, Ser h 1C, .18 (1936); Chem. Abs., 32, 79o5 (1938). 

« Valentin, H, Phqrm Ztn . 7.5, 982, 995, 1005 (1930): Chem Abs., 25, m ( 1931 ); Jacobi, 
Beitr, Biol. Pflana (Cohn’s), 16, 405 (1928); Masure, M. P., Botan, Gas,, 93, 21 (1928); Chem. 
Abs., 26, 24 87 (19 32). 

“Popp, H. W., and Brown, F, Bull. Torrey Botan. Club, 60, 161 (1933); Chem. Abs., 27, 
2709 (193 5); “Biological Effects of Radiation," edited by Duggar, B. M., II, 851, New York, 
McGraw-Hill Book Company, Inc., 1936. 
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possible effects of infrared rays upon the irradiated plants were not adequately 
eliminated. Very extensive studies by Popp led to the following generalizations 

1. Exposure of dry seeds to the full ultraviolet of a quartz mercury- vapor arc have 
little or no effect on later germination and growth, even after 188 hours' exix>sure. This 
may be due to inability of the short rays to penetrate the dry seed coat, 

2. Exposures of less than two hours' duration on soaked seeds that have not yet 
begun to sprout did not have a marked effect on germination. Probably here too there 
is not enough penetration of the short rays in so short a time to cause any permanent 
injury. 

3. Longer exposures to the open arc decrease the rate and thei amount of germina- 
tion, inhibit growth and development and finally cause deatli of the plant. The wave- 
lengths below 3000A arc more effective in this respect than are those above. 

4. In general, cotyledons of seeds exposed to ultraviolet seems to have difficulty in 
emerging from the seed coat, but if they do get through they are not seriously injured by 
the short rays until after long exposures, 120 hours. 

5. Chlorophyll appears in the cotyledons of seedlings raised under the open arc about 
aS raipidly as it does in ordinary light, but never reaches the intensity it does in daylight, 

6. Ultraviolet light does not seem to be necessary for a development of the reddish- 
purple pigment on the under side of the cotyledons of mustard. Under Noviol glass which 
screens off all ultraviolet and in the dark, this pigment always appears. It reached its 
deepest intensity uniformly in the greenhouse plant where comparatively little ultra- 
violet was present, 

7. Geranium plants exposed to the open arc for 6 hours, after being in the dark for 
24 hours showed no difference in appearance at the end of the 6 hours, but tests of tlie 
leaves for starch at this time were entirely negative. But in ordinary light, starch can be 
located in these leaves after an hour or less. 

8. In no case were new leaves formed in mustard under ultraviolet rays. The new 
leaves were formed in sunflower, Canada field peas, oats and corn, but these leaves were 
all killed in a day or two after they were formed. 

9. A few plants were able to grow under the open arc in all of the series but in 
no case was there any further development than would result from the food stored in 
tlie seeds. 

10. Seedlings that do not survive will live longer under its rays than those grown in 
the dark at the same time. Since there is apparently very little food synthesis, this may 
be due to a retarding of enzyme action or other germination processes. If these seedlings 
after being exposed from 6 to 8 hours a clay for 10 to 15 days are removed to the green- 
house, they immediately start to develop normally; but exposed seeds that have not 
germinated under ultraviolet rays cannot be made to germinate in this way later. 

11. Seedlings grown in daylight in the absence of ultraviolet or m complete darkness 
and then exposed to the open arc were killed after 6 to 20 hours’ exposure. Similarly, 
the leaves of mature plants of geranium or coleus with 6 hours’ exposure to the open arc 
will have a burnt appearance the next day and fall off. In the seedlings, the young 
leaves and next the sterns are most susceptible to injury. Apparently, those grown uncler 
the arc from the start are able to adapt thein.selves to it to a certain extent. Finally, of 
course, they too are killed, 

12. When all ultraviolet was screened off, mustard seeds in visible light gave as 
high a rate and amount of germination as they did in complete darkness. This same effect 
was produced, however, when the seeds were exposed to all the rays between 6000 and 
3000A. If the ultraviolet between 3000 and 4000A was the only radiation falling on the 
seeds, a somewhat lower rate and amount of germination were observed. Apparently, the 
inimical effects of the regions between 4000 and 3000A are overcome when visible light 
is falling on the plants at the same time. 

13. No striking differences in growth and development of .seedlings of mustard were 
observed when all ultraviolet was .screened off, as compared with seedlings grown under 
the rays from 6000 to 3000A. If, however, the region between 4000 and 3000A was the 
only one to which tlie seedlings were exposed, a distinct retarding of growth and develop- 
ment occurred. 

14. Bacteria and general damping-off fungi do not develop in the rays of the open arc 
but will if the region below 3000 A is screened off. 


40 Private communicatioxi from Prof. H. W* Popp. 
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More Matitre Plants. A large number of investigations have been devoted 
to tlic determination of the effects on growth which may be ascribed to the ultra- 
violet portion of the solar spectrum. Maquenne and Demohssy early stated that ? 
ultraviolet rays properly applied are very beneficial to flowers and other vegetation. 
In various species, Tottingham and Moore found seed production, root storage or 
earliness of blooming were favored by irradiation under Vitaglass as compared 
with common glass. Certain species which do not possess winter hardening capaci- 
ties were more subject to frost injury following early development under this glass. 
In some instances an increase in the percentage of protein or non-protein, non4ipid 
nitrogen was found in the tissues produced under Vitaglass. The most consistent 
compositional response to this irradiation was believed to be an increa.sed per- 
centage of lipids in the dry matter, but this was not very definite. Similar results 
were also reported for tomato seedlings by Tottingham,^® using a General Electric 
sunlamp. Popp believes that, although ultraviolet rays are not indispensable, the 
blue-violet end of the visible spectrum is necessary for the normal, vigorous growth 
of the plant. 

Subsequently, Popp and Brown reviewed a number of papers in which a 
stimulating effect of the ultraviolet longer than 2900A had been claimed. It is 
scarcely necessary to discuss these here. In practically all of them it was pos- 
sible to find flaws in the methods employed. Arthur at the Boyce Thompson 
Institute was unable to find that the use of ultraviolet-transmitting glasses offered 
any advantages in plant growth. 

Singh, Kapoor and Choudhri found exposure of plants to ultraviolet rays 
for periods of five minutes or more at intervals of less than 14 days to be detrimental 
to growth. 

Ultraviolet produces growth inhibition and morphological changes in Asper- 
gillus, according to Kresling and Shtern,^® 

The growth substance, 3-indolepropionic acid, turns yellow under ultraviolet 
irradiation and acquires an unpleasant odor. At the same time the bhie fluorescence 
of its acid solutions decreases, as docs its ultraviolet absorption band. After sev- 
eral hours of irradiation, the solution loses its ability to retard the root growth of 
corn and bean roots in Knop’s solution.^ ^ Similarly, the growth substance in oat 
coleoptiles loses its activity when intensely irradiated with a mercury arc.^^ 

The formation of chlorophyll is favored hy visible light of low intensities; high 
intensities of light tend to destroy it. Relatively few observations have been made 
on the influence of ultraviolet light upon its formation. According to Tottingham,^^ 
tomato leaf tissue grown under glass and under Vitaglass showed respectively, 

Maquenne, L., and Deinoussy, E, Compt. tend., 149, 756 (1909'). 

^Tottingham. W. E., and Moore, J. G., /. Agr. Reseanh, 43, 133 (1931); Chem. Abs., 25, 5913 
(1931). 

la Tottingham, W. E., Plant Physiol., 7, 551 (1932). 

J*Popp, H. W., Am. J. Botan., 13, 706 (1926); Chem. Abs., 22, 3191 (1928): Baton, Goa., 82. 
306 (1926); Chem, Abs., 21, 435 (1927). See also Arthur, J. M., ami Harvill, E. K., Contrib. Boyce 
Thompson Inst., 8 , 433 (1937); Chem. Abs, 31, 628S (1937). 

Popp, H. W., and Blown, F., ^'Biological Effects of Radiation,'* edited by Duggar, B. M., II, 
853, New York, McGuiw-Hill Book Company, Inc., 1936. 

Arthur, J. M., Sci. Monthly, 31, 343 (1930); Ai-thur, J M., and Newell, J. M., Am. J. Baton., 
16, 338 (1929). 

Singh, B. N., Kapoor, G 4 P., and Cliuiidhn, U, S., Baton. Gaz., 97, 649 (1936); Chem. Abs., 
30, 4197 (1936). 

i**Kiesling, E. K., and Shtern, E A., Zentr. Bolt. Patastlenk., II AM, 95, 327 (1936), Chem. 
Abs., 30, S2S6 (1936). 

D., and Kersten, H., Plant Physiol., 12, 509 (1937). 

Burkholder, 'P. R., and Johnston, E. S., Smiihsontan Mtsc. CofL, 95, No. 20 (1937). 

Tottingham, W. E., Science, 75, 223 (1932); Chem. Abs., 26, 2488 (1932). 
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chlorophyll 1.76 and 1.50 per cent, carotene, 0.007 and 0.017 per cent, and 
xanthophyll 0-053 and 0.368 per cent. From the lipid fraction, there were obtained 
sterols to the extent of 0.81 and 0.87 per cent. The conclusion was that the 
formation of carotenoids and sterols is favored by irradiation under Vitaglass, 
but the chlorophyll declines. The ratio of chlorophyll-a to chlorophyll-i^ is low- 
ered by irradiating leaves with monochromatic light largely absorbed by chloro- 
phyll-fl.^^ 

Colla^® ascribes the fonnation of chlorophyll in wheat, beans and lentils to 
the action of radiations in the range 3300 to 3900A, without the aid of visible 
rays. 

Stoklasa early observed that after irradiation by wave-lengths 3000 to 5000A 
(mercury arc), the young leaves of the etiolated seedlings of Pismn, Zea mats, 
Avena and Hordeum showed a dark green coloration in two hours. With solar 
irradiation a similar color was formed only after six hours of exposure. He also 
believed that chlorophyll exerts a protective action against ultraviolet rays of day- 
light. The cells of flowers as well as those of plants grown under glass were 
more sensitive toward ultraviolet rays than the cells of green leaves. Jirovec 
finds the chlorophyll-free stems of Euglcna gracilis considerably more sensitive to 
ultraviolet rays than are green stems of the same species. Dangeard^® found 
the energy of wave-lengths shorter than 4900 A from a Nernst lamp incapable of 
aiding the formation of chorophyll, but Sayre has found that if the intensity 
is high enough chlorophyll may be developed by the wave-length region 3000 to 
4000A. The function of the ultraviolet is still, however, uncertain.^® 

A colorless protochlorophyll may be present in sunflower seedlings grown 
in the dark, but etiolated plants must be irradiated before chlorophyll can form 
in them.2® Beck finds that xanthophyll and carotene arc formed in the dark. How- 
ever, light may stimulate the production of these pigments.-^® 

Certain acid-fast bacteria produce pigment in darkness only after brief pre- 
ceding exposures to ultraviolet light or longer exposures to incandescent lamp 
light.^^ 

Wave-lengths in the region 2900 to 31 00 A were believed by Benedict to 
increase the dry weights of a number of plants, but not of corn. They also cause 
an increase in the calcium content, but the results with phosphorus were incon- 
clusive. Wynd and Fuller observed that when tomato and cucumber plants 
were irradiated daily through Vitaglass at 100 inches from an arc, after five 
weeks there was an increase in the calcium content as compared with that in con- 
trols. The phosphorus content decreased. Experiments of this type were conducted 

Tottmjfham, W. E., and Dutton, H. J,, Scterice, 87, 214 (1938). 

^Colla, S., BoU. soc. ital. biol. sfer, 4, 298 (1929); Chem Abs., 23, 4496 (1929). 

** Stoklasa, J., Strahlentherapic, 6, 119 (1915); Zentr. Biochem. Biophys., 18, 370 (1915). 

Jirovec, O., Protoplasma, 21, 577 (1934); Chem. Abs, 28, 6765 (1934). 

“^Dangeard, P. A., Botaniste, 12, xxii (1912). Cited in Duggar, B. M., “Biological Effects of 
Radiation,” New York, McGraw-Hill Book Co., Inc., 1936, 

S’ Sayre, J. D., Plant Physiol., 3, 71 (1928). 

“See also Shirley, H. L., Am J, Botany, 16, 354 (1929). 

“Beck, W. A., Studies Inst. Divi Thomae, 1, 109 (1937); Protoplasma, 28, 27 3 (193 7); Plant 
Physiol,, 12, 885 (1937); Vogele, A. C, Ibid., 12, 929 (1937). 

“Beck, W. A,, Studies Inst Ihvt Thomae. 1, 217 (1937); Beck, W. A., Redman, R., and Schroeter, 
M. P., Ibtd , 1, 245 (1937), See also Seybold, A., and Eglc, K., Planta, 28, 87 (1938); Chem Abs., 
32, 5443 (19.38); Strain, H. H, Plant Physiol, 13, 413 (1938). Chem Abs., 32, 8476 (1938); Strott, 
A., Jahrh. wiss. Botan., 86, 1 (1938); Chem. Abi,., 32, 8482 (1938). 

« Baker, J. A., /. Bact., 35, 625 (1938). 

“Benedict, H, M., Botan Gas. 96, 330 (1934); Chem. Abs., 29, 1131 (1935). 

“Wynd, F. L., and Fuller, H J., Ann. Mo. Botan. Gardens, 18, 565 (1931); Chem. Abs., 26, 
221^ (1932). 
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to determine whether sterols in the plant could be converted into a vinimin which 
aids the absorption of calcium by the plant as in the case of vitamin D in anitpals. 
According to Stewart and Arthur,®^ tomato, tobacco, datura, lettuce, and salvia, ^ 
grown in periods of low light intensity and then irradiated by a quart^ mercury 
arc, showed an increavse in ash, and in calcium or pliosphorus or both. If, 
however, the plants were grown in light of high intensity, they failed to exhibit 
these changes on irradiation. Cabbage did not show these changes. It responded 
at first by an increase in ash in the leaves and a decrease in tlie stem. Repeated 
irradiations caused an increase of ash of stem and leaves and an increase in 
calcium or phosphorus or both. The manganese and magnesium contents of 
plants were not affected by ultraviolet irradiation. Similar ash changes could be 
obtained by treating the plants with irradiated ergosterol. 

Tomato plants previously grown on solutions lacking calcium or phosphorus 
showed no increase in ash, calcium or phosphorus on irradiation with a quartz 
mercury arc. The level of the supply of these elements and not their ratio deter- 
mines the response to irradiation. In solutions low tn phosphorus and high in cal- 
cium, irradiation increases the ash and calcium. In solutions low in calcium and 
high in pliosphorus, the ash and pliosphorus increased.^^' 

In experiments of Mitchell,®® equal amounts of radiant energy from a 3000- 
watt carbon arc and a 2000-watt Mazda incandescent lamp were supplied for two 
weeks to tomato plants. Those under the arc grew less in height and synthesized 
more than twice as much solid matter and approximately four times as much 
acid-hydrolyzalile materials and sugars as did those under the incandescent lamp. 
For equal incident energy, the arc was 53 per cent more efficient in electrical 
energy consumption in producing dry matter. But when the light from the two 
sources was balanced by a photronic cell, there was a more equal gain in dry 
weight and carbohydrates under both sources. Those plants under the arc then 
synthesized less solid matter per unit of time than did those under the incandes- 
cent lamp. 

But little work has been done on the effect of ultraviolet on the respiration of 
plants. Masiire claimed that the region near 3650A, obtained by the use of 
a Corning G586AW filter, temporarily accelerates the respiration of pea seedlings. 
His work has, however, been criticized by Popp and Brown on the ground 
that the filter used transmitted also infrared radiations and that these, rather 
than the ultraviolet, may have been the cause of the effects observed. Wynd, 
Fuller and Reynolds believe that injurious raying of tomato plants stimulates 
respiration and peroxidase and, in general, catalase, but inhibits oxygenase. Non- 
injurious raying stimulated catalase. Comparatively weak irradiation of bean 
plants stimulated peroxidase. 

Percival finds that exposure to light coming through window glass causes 
a darkening of the mycelium of the fungus, Pomes pini Exposures to ultraviolet 
rays of sunlight in addition to the visible spectrum caused a further darkening 

Stewart, W. I), and Aithur, J. M., Conirtb. Boyce Thompson Inst., 6, 225 (1934); Chem. Abs., 
28, 5853 (1934). 

^Stewart, W. D., and Arthur, J. M., Contrtb. Boyce Thompson Jnst, 9, 105 (1937); Chem. Abs., 
32, 1756 (1938). 

80 Mitchell, J. W., Baton. Gas., 99, 412 (1937); Chem Abs . 32, 1759 0938). 

»^Masure, M. P., Botan Gas,, 93, 21 (1932); Chem. Abs., 26, 2487 (1932). 

88 Popp, H. W., and Brown, F., Bull Totrey Botan. Club, 60, 161 (1933), Chem. Abs., 27, 2 7 09 
(1933). 

8»Wynd, F, L,, Fuller, H. J, and Reynolds, E. S., Ann. Missouri Botan. Gardens, 22, 837 (1935); 
Chem Abs, 30, 3466 (1936), 

40, Percival, W. C., Bull. N. Y. State Coll. Forestry, 6, TR, 72 pp. (1933); Chem. Abs., 29, 2573 
(1935). 
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of the tnycelium and a suppression of aerial hyphae. Stephens finds ultra- 
violet irradiation of certain strains of the fungus GJomereUa greatly stimulated 
conidial production. Certain strains which had never been known to produce 
perichecia did so after irradiation if either pepsin, raffinose or magnesium sulfate 
was added to the nutrient medium.^2 

Some applications of ultraviolet light in the treatment of plant diseases have 
been noted by Pichler and Wober,^-* but x-rays were more efficient. 

Attempts are being made in the U.S.S.R. to induce the formation of rubber in 
plants by treating them with ultraviolet rays. Novikov and Herber soaked seeds of 
the Tau-sagyz rubber plant in distilled water for 18 hours at 25 ®C., dried and 
^ irradiated them with a quartz mercury arc under varying conditions. After 
irradiation, the seeds were allowed to germinate at 25 ®C. for two days, after 
which the catalase activity was determined. In all irradiated seeds the catalase 
activity increased abruptly. Ultraviolet irradiation of the leaves of Tau-sagyz and 
Asclepias, previously saturated with 3-per cent sucrose solutions, caused these 
plants to continue the formation of rubber in the dark in a 3-per cent sucrose 
solution. Non-ir radiated leaves, either saturated or imsaturated with sugar, not 
only formed no new rubber in the dark but even lost that which they had 
contained. Irradiated leaves not saturated with sugar did not produce any rubber. 

During growth, plants from irradiated seeds were said not to have been 
attacked by aphids; they also shed their leaves later and recovered their foliage 
earlier, indications of increased life tonus. 

From microchemical observations, Kiselev, Osipov and Kuz’mina, concluded 
that the formation of rubber and closely related resinous material is a photo- 
synthetic process. 

Exposure of apples to ultraviolet light produced injury and discoloration of the 
anthocyanins, according to Pearce and Streeter.'*^ Frey tag finds that ultra- 
violet rays may produce necrotic pigmentation (probably melanin) in leaves and 
fruit skins. Oxygen is necessary for this. With certain leaves a change in perme- 
ability seems to result. 

No significant increase in the glucoside yield could be obtained by growing 
digitalis plants under glass transparent to ultraviolet rays, according to recent 
experiments of Leonard and Arthur which thus failed to confirm the prior 
claims of McCrae that this could be done.'*® 

Potato tubers irradiated for twenty days with a Uviol mercury arc or by 
Mazda lamps showed an increased solanine content, accompanied by the appear- 
ance of anthocyanin in the sprouts. Irradiation with red-orange light did not 
induce a significant increase in solanine but caused an increase in chlorophyll. 
Ultraviolet rays of about 3000 A were believed to be effective in solanine forma- 
tion.®® 


Stephens, F. L., Philippine Agr , 19, 26S (1930'); Chrm. Ahs., 25, 1274 (1931). 

For data on cells of the prothalhum of Ostnundia claytoniana or Pteris langifolia. see CTiarlton, 
F. B., Am. J Botany, 25, 431 (1938) 

^Pichler, F., and W6ber, A., Centr. Baht Parasitenk.^ 11, 57, 319 (1922); Chem. Abs., 17, 1270 
(1923). 

^Novikov, V. A., and Herbci, E. K., Compt. rend, Acad. Sci. U.R.S.S , l3l (1933); Chem. Abs., 
28, 1740 (1934). 

« Kiselev, N. N., Osipov, A. P., and Kuz'mina, K. A., Bull. Acad. Sci. U.R.S.S., Classe sci. math. 
Not., 9, 1367 (1935); Chem Abs., 29, 5481 (1935). 

"Pearce, G. W., and Streeter, L. R., /. Biol. Chem., 92, 743 (1931); see also Colla, S., Bolt. Sor. 
Hal. biol. sper., 4, 298 (1929); Chem Abs., 23, 4496 (1929). 

" Frcytag, H., Botan. Centr. Beihefte, 51, 408 (1933); Chem. Abs., 28, 504 (1934), 

"Leonard, C. S., and Arthur, J. M., /. Am. Pharm Assoc., 23, 224 (1934). 

, "McCrae, A., Science, 71, 346 (1930). 

"‘Conner, H. W., Plant Physiol, 12, 79 (1937); Chem. Ahs., 31, 5017 (1937). 
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Results on the effect of ultraviolet rays on the changes in water, total and 
reducing sugars, and malic acid during the ripening of green-picked apples, peaches, 
pears and plums were irregular, according to Leonicini ^nd Rogai.®^ In some, 
experiments, the total sugar was reduced (one-tenth to one-sixth) by irradiation. 

Ultraviolet light (particularly of wave-length 2980A) causes browning of 
banana skins exposed in air but not in pure carbon dioxide. The effect is inhibited 
by hydrogen cyanide for wave-lengths less than 3200A, but the effect of the 
3800A line is activated by a little hydrogen cyanide and inhibited by an excess. 
Enzymes of respiration may be involved in the effects.®^ 

Leonicini, G., and Rogai, F., Ann. sper, agrar, (Rome), 21, 108 (1936); Chem. Abs., 31, 8731 
(1937). 

6“Hau«sen, I., Naturwtss., 26, 136 (1938); Chon. Abs., 32, 6270 (1938). 
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Ammostillienesulfonic acid, 624 
Am inothi azole, 498 

Ammonia, 187, 359, 523, 647, 650, 883 
absorption spectrum, 224, 317, 349, 458 
and chloroform chlorination, 533 
and irradiated cholesterol, 793 
and imsatiirated compounds, 407, 455 
as photoscnsiti/er, 259, 303, 304, 408 
dciitero, 322 
dissociation. 303, 309 
fluorescence, 258, 317, 322 
form.ation, 318, 353, 358, 364, 457, 458, 469, 
498, 511, 672-674, 676, 689, 863 
inhibitor of chlotoform oxidation, 314 
liberation, 671, 684, 702, 703, 858 
nitrogen and textiles, 621, 623 
oxidation, 193, 259, .322, 3 50, 883 
photolysis, 194, 211, 259, 318-322, .349 
predissociation, 241, 317, 319-321 
reaction with carbon monoxide, .322, 458 
reaction with deuterium, 320 
salts, 172, 350, 351 
silver chloride comi'lcx, 349 
Ammonium acetate, 438, 440 
azide, 323 
benzoate, 438 
carbonate, 176, 350 
chloride, 329, 350, 681 
chromate, 364 
citrate, 682 
cyanate, 459 
dichromate, 645 
hydroxide, 438. 471, 883 
molybdate 363, 369 
nitrate, 176, 332, 883 
nitrite, 322, 351 
oxalate, 172, 444, 445, 631 
phosphates, 172, 176 
sulfate, 184, 350 
tartrate, 172 
thiocyanate, 347, 358 
Amoebae, 716, 717 

AmphilcpHis riaparedri, microirradiation, 713 
Amygdalin, 436 
Amyl acetate, 531, 562 

alcohol, 404, 407, 462, 471, 526 
amine, 863 
nitrite, 205 

Amylase, 681, 683, 756 
Amylene, 407, 538 
Amylopectin, 436 

Analysis, fluorescence, 178, 663-665 
spectrograph ic, 662 
Anaphylactic shock, 748, 757, 758 
Anemias, 747, 748, 750, 774, 777 
Anesthesia, bv irradiated alcohols, 402 
Angioma serpigi nosum, 769 
Angstrom unit, 5 
Anharmonic oscillators, 234, 23.5 
Anhydro-sugars, 869 
Anilides, 455 


AniHne, 464, 469, 495-498 
aminodimcthyl, 497 
black, 469, 495, 646 
benzoyl, 496 , 

diazo-compound, 500 " 

dimethyl, 497, 643 

dyes, 469. 643 

ethoxy derivatives, 498 

formation* 496, 673 

-furfural resms, 585 

green, 634 

hydrochloride, 519, 645, 646 
inhibitor of hydrogen peroxide photolysis, 340 
isodiazotate solution, 646, 647 
methoxy, 497, 498 
nitio, 495 
nitrodimethyl, 479 
nitrosodimethyl, 495, 497 
re.actions, 438, 455, 456, 496 
salts of nitronaphthalenesulfonic acid, 646 
Anilmoacctic acid, 682 
Antis, phototropy, 481 
Anions, absoriition by, 337, 338 
organic, electron-affinity spectra, 438 
Anisalacctophenone, 478 
Anisaldehyde, 494 
Anisidme, 659 

Anifiylcinnamic acid, derivatives, 483 
Anisylidenc hydrazones, 493 
Annatto, 643 
Anode, carbon. 74, 139 
glow, 30, 31 

gild for accelerating electrons, 139, 142 
lion, for mercury aic, 75 
molvbdenum, 149 
processes in mercury arc, 81, 85 
thoriuni-lavcrcd. 156 
tungsten, 74. 78, 80 
Antagonism, of radiations, 150, 744 
Anthoc>anins. 715, 890 
Anthoxyl radical, 507 
Anthracene, 382. 503-505. 511, 562. .592 
abson>tion spectrum, 503 
9-aIkyI-10-phcny!, 509 
diaivl, 508. 510 
di radical, 505 
ethvl, 509 

fluorescence, 261, 262, 504 
in therapy, 862 
-like compounds. 468, 507 
methyl, 505, 509 
oil, 618 
oxidation, 508 
phenyl derivatives, 508 
pohmierizatioii. 205, 206, 253, 504, 505 
tolvl deiivatives, 508 
Yellow. 616 
Anthranol. 508 

Anthrahydroquinol-ff carboxylic lactones, 507 
Anthrahvdrocfuinones, 507 
Anthianilic acid, 672, 673 
and cotton, 617 

Anthraqninones, and deriv’^ntives, 467-469, 474, 
506. 507, 518. 521, 550 
and rubber oxidation, 603 
in therapy. 862 

Anthrax bacillus, 692, 696 706 
Anthione derivatives. 506, 508 
Antibodies, 757-759, 825 
Antigen-antibody reaction In skin, 742 
Antigens, 758 
Autmionious acids, 390 
Antimony, 172 

Antimony chlorides, 355, 359, 539, 545, 817, 853- 
855 

halide.s in pol ymei izations, 411 
lamp, 148 

oxide, 167. 168, 359 
sulfide, 380-391, 610 
tartrate, 359 
triphenyl, 592 

Antioxidants. 262, 548, 593-596, 600, 602, 603, 
608, 621 

Antisera, 691, 704, 756 
Antisheep hemolysins, 758 
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Antithrombin, 82 S 
Antitryotio activity, of «er«m, 757 
Antitypnoid swbstance, 757 
Antiurea^e, 684 

Aporaorphine hydrochloride, 7i6 

Apoa.vmaue, 686 

Apparatus, for dyo testing, 638, 640 
for ii radiating hides, 650 
for irradiating liquids, 1 84, 185, 829, 832 
for milk irradiaticm, 840-846 
for pzpne formation, 292, 293 
for paint testing, 575, 576, 578-583, 586, 587 
for rubber testing, 605, 606 
high-frequency, 136 
Apples, 890, 891 

AppHCAtons, for therapy, 62, 63, 770 
Arabinose. 432, 433, 883 
A fbacia» 717, 764 
Arbutin, 436, 736 
Arcs, aluminum, 227 
anode function, 47 
as photochemical sources, 50 
beryllium, 50 

cadmium, 48, 147-150, 231 

carbon (see Carbon arc) 

cathode processes, 31, 32, 47, 48 

copper, 47, 48 

definition, 30 

enclosed vapor, 65-95 

for decomposing hydrocarbons, 62 

for 3650 A., 179 

gold, SO 

iron, 46, 47, 49, SO, 102. 693 
low voltage, 190 
mercury (see Mercury arc) 
metallic, 46, 147-151 
niekdl, 48, 50 
open, 46-64 
pole-effect, 50 
Pfuttd, 49 
rotating, 59 
silver, 58, 150, 231 
spectrograph ic, 49 
Sperry, 618 
starting, 46 
thallium, 48 
theory of, 46-48 
tungsten, 47, 50, 160 
underwater, 152 
2 inc, 63, 231 
Areca, tincture. 658 
Arginine. 672, 677, 767 

Argon, 132, 136, 138, 139, 141, 143, 147, 279, 
466, 583 

effects on photore.ictions, 296, 321, 327, 329, 
331, 332, 460, 463 
excitation, 26 

in starting mercury arc, 77 
ionization pf)tentiais. 27 
lines in S-t sunlamp, 144 
Argyria, 744 
Arnica. 657 

Aromatic carboxylic acids, chlorination, 547 
compounds, halogenation, 542-549 
compounds, stability, 466 
Arsenic, 333, 354, 358, 387 
acid, 369 

chlorides, S4S, 549, 854 
sulfide sols, 389-391 
Arsenicals, 549 
Arsenites, 390, 750 
Arsenous acid. 390, 750 
oxide, 167, 171 
Ar.sine. 332, 333, 359, 387 
tetracbloro, 549 
Artificial leather, 650 
rubber, 558 
sHk. 613, 620, 621 
teeth, in black light, 178 
Artura scale, 583 
Aryl amines, 495 
azides, 648 
benzimidazoles, 743 
benzothiazoles, 743 
pyrroHnoanthranolazyls, 522 


Arylideneacetones, semicarbazones, 49| 
Arythmias, heart, 862 
Afibestine, 583 

A. scaridol, 659 
Asraris eggs, 718 
Asclcpias, 890 

Ascorhic acid, 710, 848, 849, 852, 867 
Asparagine, 436, 672, 682 
Aspartic acid, 671, 672 
Aspertjiillus, 790, 887 
Asphalts, 610, 661 

Assimilation (see Carbohydrate photosynthesis) 
Asthmas, 776, 824 

Asymmetric photosynthesis, 266, 267, 404 
Atmosphere* absorption by, 7, 191-203 
water photolysis m, 299 
Atomic number, 21 
sep.iration, 229, 232, 234, 235 
spectra, 19-22, 25, 230 
spectra, Bohr theory, 32, 33 
Atom-raolccules, 237 

Atoms, excited, 26, 27, 229, 236-238, 257 
identification, 231 
m chain reactions, 252-254 
recombination of, 213, 231, 288 
Atoxyl, 726 

Atropine, 726, 760, 761 
Aqueous humor, 762, 764 
Aucubus leaves, 715 
Auger effect, 241, 242 
Auramine, 187, 643 
Aurantia, 634 

^‘Autoxypolymerization,'’ 565 
AtH'na seedlings, 888 
Azelaic acid, 559 
Azides, aryl, 481 
Azidopropiondimclhylamule, 266 
Azidosalicylic acid, 481 
Azine dye, 497, 640 
Azohenzeue, 336, 500, 603 
Azobenzcnc dicarboxylic acid, 498 
hydroxy, 499, 562 
Azo compounds, 499, 500 

dyes, 624-626, 630, 640, 643, 659 
Azoisopropane, 459 
Azomethane, 459, 460 
AzonaphthaJene, 503 
Azonaphlhol, 503 
AzoruDin, 638 
Azoxyanisole, 499 

Azoxybenzene and derivatives, 469-471, 496, 499 
Azoxynaphthalene, 493, 503 
Azoxyphenctole, 499 
A 2 oxytolucnc.s, 499 

coli (see Escherichitt coh) 

B diphtheriae, 704 

B. enteriditis, 825 

/?. leptisepficum, 776 
B mucosus capsulatu^, 696 
B fnvcoides, 709 
B. paratyphosus, 696 
B. pa^teurianum, 630 
B prodipiosus, 693 
B. suhfihs, 695, 696 
n typhosus, 693, 694, 696, 698 
Bacteria, and irradiated oils, 727, 728 
and methylene blue test for milk, 762 
and nitrogen fixation in soils, 350 
antigenic properties, 706 
diffeientiation 706 
extracts, as sensitizers, 861 
growth, 886 
in air, 729 
in milk, 721 

lethal irradiation, 247, 692-707, 860 
luminous, 876 
pigment formation by, 888 
purple, 881 

sublethal irradiations, 696, 697. 828 
sulfur. 518 
Bactcriolysins, 758 
Bacteriophages* 711, 712, 860 
Baicalinase, 684 
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Biikdite, 1B3. SM, 612 
Baki*i0, effect on viiatmin X>, 830 
indtistry, uHraviolet mya m, 722 
Bakta. 594, 602, 603 
Ballast, fat latetps, 141, 146 
BalUstite, 462 

Balloon fabric, 189, 608-611 
Balzner scries, 20, 22. 32, 52, 156, 163 
Bamberger reaction^ 470 
Banana meal, irradiated, 829 
skin, pigmentation, 891 
Bands, physical isolation, 189, 190 
Scbumann-Runge, 293-295 
spectra, 52-63, 217-228 
‘‘Barium acid stearate,** 265 
Barium carbonate, 176 
fumarate, 454 
glass, 165 
ion, 377 
lines, 26 
maleate, 454 
metapbosphate, 172 
oxide, 50, 168, 169, 171 
platinocyanidc, 261 
stearate, 265 

sulfate, 384, 582, 583, 605, 609, 869 
Barley, germination, 885 
Barrels, sterilization, 725 
“Baryaire” equipment, 730, 731 
Barytes, 359, 582, 583 
Basal metabolism, 744, 746 
Basic carbonate white lead, 582, 583 
Basic colors, fading, 635 
Batiste, 189 
Bauxite, 359 
Bean roots, 887 
Beef, tenderizing, 724 
Beei, 207 

Beer’s law, 207, 352, 365 
Beeswax, 559, 743 
Beaoma, red pigment, 715 
Belladonna, tincture, 658 
Benedict’s solution, 870 
Benzal chloride, 526, 544, 545 
Bcnzaldehyde, 45.1, 472-474, 496, 511 
and indium oxide, 360 
and nitrobenzene, 470, 471 
and potassium cyanide, 480 
and i>yruvic acid, 451 
and rubber gelation, 595 
condensation product with acetophenone, 490 
derivatives, 472-476, 494, 498 
formation, 467, 470, 477, 478, 481, 483, 518, 526 
in sulfite oxidation. 356 
oxidation, 255, 423, 473, 474 
phenylhydrazone, 474 
photolysis, 468. 473, 474 
Benzaldoximcs, derivatives, 493, 494 
Banralephedrine, 688 

Benzalpyruvic acid, methyl ester, 490-492 
Benzamide, 340, 438 
Benzanihde, 438, 470 
Benzanthracene, 505 
Benzanthrone. 595 
dihydro, 505 
Besnzaurin, 627 

Benzene, 187, 244, 340, 407, 411, 451, 469. 478, 
479 

absorption bands, 154, 155, 466, 467 
and nitrogen pet oxide, 469 
and oxygen, 466 

behavior in elcctrodeless discharge, 36 

detection, 467, 651 

emulsions, 391 

filter. 189, 799, 829 

fluorescence, 466 

formation, 414. 458, 472 

Iialogenatioii, 527, 542-544 

homologs, 467 

nitration, 469. 470 

reaction with biomine atoms, 514 

ring, 183 

stability, 397, 466 
Benzene derivatiycfc 

acetylchloroamino, 496, 497 
azocresol, 496 


Benzene derivatives (^ConhHmd) 
azonaphtbylamine, 603 
azophcnylnaphthyiamine, 626 
azoxy, 469-47^, 496, 499 
diazonium chloride, 500 
dtazonium compounds, 625 
dihydrohcxabromo, 543 
dinitro, 469, 471 
diphenyl, 592 
diphenyl amino, 562 
ethyl, 488, 546 

halogen substituted derivatives, 469, 474, 342- 
544, 546, 547 
hexahydroethyl, 473 
hydroperoxide, 468 
hydroxyazo, 496, 499 

Benzidine, 260, 339, 479, 497, 498, 573, 610, 646, 
672 

Benzil, 478 
Benzil dioxime, 498 
Benzilic acid, 478 
Benzimidazole, 852 
Benzine emulsions, 391 
Benzo colors, 638 
Benzoflavine, 264 
Benzohydrol. 476 
Benzoic acid, 187, 344, SIS, 640 
chlorination, 547 
esterification, 480 

formation, 467-470, 473, 474, 478, 481, 483, 
484j 496, 506, 508. 514, 526 
photolysis, 480 
reaction with aniline, 438 
Benzoic acids, amino, 498 
chloro, 477, 500, 546, 547, 549 
diiodolienzoyl, 498 
hydroxy. 480, 500, 546 
nitroso, 472, 474, 475, 516 
tnnitro, 472 
Benzoin, 478, 480 
Bcnzonitrilc, 494 

Benzophenone, 340, 404, 430, 476-478, 480, 507 
alkvl oximes, 478 
carboxylic acid, 478 
diamino, 562 
di hydroxy, 474 
di(nydioxymethyl), 478 
dimethoxy, 477 
dimethyl. 477, 506. 547 
dimethylchloio, 478, 547 
Beuzopinacol, 430, 476-478 
Benzopurpurin, 633 
Benzopyrene, 511, 765, 865 
Ben/oquinonc. 469, 474, 480 
absorption spectrum, 479 
and alcohols, 404, 480 
in photooxidations, 507 
oximCvS, 471 
photolysis. 101 
Benzothiazoie, 183 
Benzotiichloride, 526, 544, 545 
Benzoylacptal peroxide, 473 
Benzoxaj'olc, 183 
Benzoylacrylic acid, 491 
Benzoylammophenol, 496 
Bcnzoylaniline, 496 
Ben/uylcaniphor, 515 
Benzoyl chloride, 401, 547-549, 834 
Beuzoylchlorophcnylcthylcne oxide, 493 
Itenzoylcthylene derivatives, 489, 493 
Benzoyl peroxides, 410, 411, 415, 612, 834 
Bcnzoylphcnvlhydroxvlamine, 496 
Benzoyl pyridine, 520, 521 
Ben/} 1 acetone, semicarbazone, 494 
Ben/vlacetophenone semicarbazone, 494 
Benzyl alcohols, 357, 471, 472, 526 
Betizvlamine, 495 
Bciuylaniinobenzoic acid, 743 
Bi*nzyl ben/o,ate, 593 
btomide, 545 
Benz>lcelluli)se, 463. 592 
Benzyl chloride, 401, 496, 526, 544, 545 
Benzylulenc derivatives, 401, 472, 490, 493, 516- 
518, 522 

Benzyl iodide, 399 
Benzylmethylglyoxal, 451 
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Bona^lphenylacetate, 478 
Benxyl sttarate, 589 
Benzylpyridinc, 520, 521, 646 
Bergamot oil, and sunburn, 743 
Berlin blue faydrosols, 390 
Bcryllia, 171 
Beryllium carbonate, 172 
duoride glasses, 170, 171 
phoapBates, 172 
Betaines, 626, 671 
Biacetyl, 422, 427, 429-431, 440 
Bidipbenylene-ctliylene, antioxidant, 603 
Bile acids* 669, 792 
as sensitizer, 861 
Bilirubin, 745 
Bios, 17S 

Biphcnylcncthylene, polymerization, 490 
Birge-Sponci extrapolation, 235, 236 
Bismarck Brown, 639 
Bismuth, 150 
halides, 240, 411, 545 
in carbon arc, 58 
lamp, 148 
oxide, 508 
subgallate, 479 
triphcnyl, 592 
Bisufete ion. 355, 357 
Bitumen, 661, 662 
Bi vinyl, 408, 411 
Black body radiation, IS, 16, 155 
light, filters for, 178, 179 
Blackman reaction, 875-877, 879-881 
Bleaching, of oils, 557 
solutions, 346 

Blood, bactericidal power, 757, 775, 776 
calcium, 754, 755, 774, 776, 778, 783-785, 788, 
818, 822, 823 
catalase, 685, 825 
chdesterol, 755, 773 
clotting, 746, 825, 862 
enzymes, 742, 756 
glutathione, 825 

irradiation, effects of, 703, 746-759 
lipids, 825 

phosphorus, 754, 774, 778, 779, 781-785, 788, 
818, 822 

pressure, 733, 746 
purines, 703 

serum, 683, 746, 862 (see also Seiura) 
sugar, 734, 751-753, 774 
Blood (see also Erythrocytes and Leucocytes) 

Bohr theory, 17, 21-25, 32. 33 
Bond strengths, 217, 234 
Bonds, conjugated double, 406' 

Bone ash, 786, 789 
calcification, 818, 822 
cultures, 818 
decalcification, 819 
Bonnemasonia asperagoides, 713 
Borax, 166, 171, 640 
Boric acid, 172, 648 
Borneo!, 514 
Bomyl chloride, 550 
Boron, 64, 142 
hahdes, 64, 411 
hydrides, 359 
nitride, 139 

oxide, 75, 168, 169, 171, 176, 179 
Botrytis ctncrca spores, 696 
Bottles, and stability of contents, 343, 346 
Brackett series, 20 
Bread, irradiation, 723, 830 
Bredig sols, 388 
“Brepnos,” 175 

Breweries, use of ultraviolet rays in, 720 
Brilliant Copper Blue, 613 
C.reen, 259, 264, 498, 627 
Safranine, 634 
Broadcloth, 616 
Bromaniline, isodiazotate, 646 
Bromates, 348, 617 
Bromic acid, 455 
Bromides, 341 

Bromine, 211, 214, 256, 345, 359, 540-546, 548- 

^ 5 ^ 0 . 760 


Bromine,^ absorption spectrum, 181, 237, 249* 275, 

and carbon monoxide, 316 
and cinnamic aldehyde, 487 
and cir-trufw conversions, 454-456 
and coumantij 488 
and eleostearic acid, 565 
and diiodoethylene, 536 
and phtsnyl cmnamonitrilc, 485 
and sulfur dioxide, 332 
as sensitizer, 307, 341, 485, 491, 535, 536 
atoms, 279, 280, 454, 455, 486, 537, 541, 544, 
545 

Budde effect, 283 
excitation potential, 239, 373 
induced predissociation, 243 
Bromodimcthoxybenzoylacrylic acid, methyl eatei, 
491 

Bromoethylbenzene, 546 
Bromoethylbromomalouate, 542 
Broniohydrocinnamic acid, 548 
Bromomethoxybutyric acids, 541 
Bromoracthoxyciimamic acid, 487 
Bromomethoxyhvdroxybenzaldoxime, 494 
Bromoraethyl methylbenzoylbromides, 547 
Broraonaphthoqumone, 502 
Bromopentanes, 413 
Bromophosgene, 316, 317, 346, 401 
Bromosal icy I aldehyde, 481 
Broraosuccinic acid, 452 
Bromoinchlorom ethane, 532, 533 
Bromovmylacetylene, 415 
Brenner’s acid, 382 
Biownian movement, 675 
Brown-Pieice sarcoma, 766 
Brucella abortus, 706 
Bruchus ohtfctHs larvae, 718 
Brush discharge, 284 
Buckwheat, 745, 861 
Budde effect, >73, 282, 283 

Bunsen-Roscoe law, 205, 474, 697. 698, 714, 767 
Bui dick air-cooled lamp, 728 
Burns, treatment, 770 
Butadiene, 408, 411, 596 
dicarhoxylic acid derivatives, 493 
dimethyl, 502, 594 

Butane, 258, 393. 394, 396, 429. 526, 531 
cluodo, 537 
diols, 833 
ISO, 526. 531 
Butene, 514, 536 
Biitoxybutadiene, 408 

Butter, 556, 559, 560, 562, 563, 721, 817, 831, 
835, 836, 854, 855 
Butvl alcohols, 402, 403, 538 
bromide, tertiary, 399, 464 
butadiene sulfone, 413 
chloride, 531, 657 
iodide, ^396, 397 
magneBium chloride, 464 
oleatc, 589 
oxide, 657 
radicals, 429 
tartiate, 657 
Butylene, 396 

But> raldehyde, 403, 421, 422 
Butyric acid, 441, 477, 478, 540, 541, 710, 711, 
727 

dihydroxy, 407 
Butyroin, 451 
Butyronitrile, 791 

Cabbage, 689, 789, 830. 889 
C ahomha raioliniana, 881 
Cacao bean sterols, 831 
butter, 556, 817 
oil, 556 
C’ade oil, 513 

Cadmium, and hthnporie bl.icketiing, 385 
arc, 147-1 50y 231, 693 
as pholosensitizcr, 258 
hahdes, 240 

heat of dissociation, 234 
lines, S, ISO 
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C«dmmm> oxide, dJO 
photoelectric cell, 97, 99 
soh* 386, 387 
spark, 167, 259, 390 
Caesium, 131, 238, 349 
iodide, 238, 342, 372, 373 
("affcine, 370, 522^ 676 
Calanus finmarchtus respiration, 767 
Calciferol, 806'809. 820, 821, 831 
Calcification, 778, 779, 784, 785, 818, 822 
Calcium, absorption, 745, 784-786, 818 
and muscle, 760 
dietary, 786 820, B22, 824 
excretion, 818 

in blood, 754, 774, 776, 778, 779, 783-785, 788, 
818, 822 

in carbon arc, 57 
in ii radiated protozoa, 716 
m plants, 888, 889 
ions 674, 682, 761 
lines, 26 
of skin, 742 

retention coefficient, 784, 786, 830 
salts, 763, 776 

Calcium carbonate, 176, 583. 831, 869 
chloride. 184, 532, 704, 755, 763 
fluoride. 52, 57. 141, 168, 172, 349 
fructose monopbospbate, 683 
fflyceroj>ho8phate, 683 
hydroxide, 410 
lactate, 448, 540 
molybdate, 142 

oxide, (Mthodes, 13M33, 135, 136, 138 

oxyfluondc. 208, 349 

phosphates, 172, 359 

soaps, 586 

stearate, 410 

sucro«!e pbospbrite, 683 

sulfate, 582, 640 

tungstate, 142 

Calibration, of photocells, 99 
of thermopiles, 96 
of ultraviolet meters, 100 
Calico, 499, 616, 617, 633 
“Callophane,” 6)64 
Calomel. 366, 367, 371, 444, 562 
('alvcs, rickets, 786 
Camomile, 6 57 
Camphanc, 550 
Campholic acid, 515 
Camphor derivatives, 268. 515, 516 
ran,iric‘i. oxvpen consumiition l)\, 744 
Cancers, 511. 766 
Candicnut odj 574 
Cane sugar, inversion, 249, 390 
Caoupreiie bromide, 409, 410 
Caoutchouc 608 
Capelin, 790 

Capillaiies, dilatation, 718 
Capri Blue. 264, 498 
C.iproic acid, 395 
Capsicum, tincture, 658 
Caihalkoxyarylindones, 453 
f'arhamide (see Urea) 

Carbazole, 382, 504 
Carbocyanines, 381 

Carbohydrates, 431-436, 559, 695, 75U753 
absorption spectra, 670 
and nitrate reduction, 354 
photosynthesis, 259, 368, 866-882 
Carbon, active, 508 
arc, actinometry, 104 
barium oxide in, 50 

biological effects of, 693, 733, 747, 748, 783, 
784, 889 
caibides, in, 58 
cerium-cored, 54, 55 
disinfection by, 692 
Eveready, 60-62, 576 
flaming, 54, 527-529, 534, 578, 579, 581 
Igniting gas mixtures, 291 
in therapy, 55-58, 62, 63, 771, 779, 836 
industrial, uses, 59, 60, 64. 579-581, 607, 618, 
640-643, 645, 653, 7^3, 829, 832 
milk irradiating equipment, 842, 843 


Carbon, arc, operation, theory of, 46, 47, 50, 51, 

S3, 59 

spectral energy distribution, SI* 53-56, 58, 61, 
157 . 

underwater operation, 64 
with electrolyte, 59 
with filters, 61 
with hydrocartions, 60 
Carbon black, 600, 609, 610 
electrodes, 150 
in discharge tulic, 141 
ionization potentials, 27 
isotopes, 227 
spark, 154 
spectral lines, 7, 42 

Carbon dioxide, 144, 279, 343, 345, 393, 416, 539, 
540, 883 (see also Carbohydrate photosyn- 
thesis) 

absorption by, 194, 307 

and ayes, 633 

and linen, 615 

and pheophorliide, 879 

and rubber, 601 

and smokeless powder, 462 

convetsion to formaldehyde, 194, 868, 869 

dissociation, 240, 307 

effects on various photoreactions, 273, 296, 298, 
308, 316, 327. 329, 361, 364, 428, 469 
formation, 64, 304, 310, 350, 394, 400, 403, 422, 
425, 431-433, 437-442, 445. 447-452, 454* 
456, 457, 461. 462, 469, 470, 477, 478, 480, 
511, 514, 515, 518, 521, 614, 615, 626, 673, 
674, 739. 863 

in accelerated tests, 580, 590 
in fermentation, 709 
in gasoline testing, 653, 654 
in milk sterilization, 722 
nascent, 870 
photolysis, 45, 307, 308 
photoreaction with hydrogen, 308 
reduction, mercury-sensitized, 258 
Caibon disulfide, 62, 64, 354, 391, 463, 510, 833 
monosulfide, 354 
monoxide, 370, 393, 652 
absent near carbon arc, 51 
absorption spectrum, 308. 687 
adsorption on quartz, 309 
and dyes, 633 

and fermentation, 710, 711 

and fluorine, 317 

and peroxidase, 686 

and plant photosynthesis, 876 

-catalase compound, 685 

conversion to fotmaldehyde, 72 

effects on various photolyses, 296, 316, 322 

-ferrocystein compound 687 

-ferroglutathione compound, 687 

filter. 309 

formation, 64, 307, 333, 334, 394, 395, 399, 
402, 405, 416-418, 420-422, 424-434, 448, 
449, 460-462, 465, 472, 473, 478, 521, 614, 
671 

heat of dissociation, 235, 308 
-hemin compound, 687 
-hemoglobin, 687, 688, 749 
-mdophenoloxidase compound, 686 
in mercury-sensitized water formation, 310 
m oxidation of nitrogen, 324 
m silent discharge, 310 
ion, 237 

iron-porphyi in compounds, 687 
oxidation, 250, 304, 308-313, 31 S 
photolysis, 308 
poisoning, 749 
reaction with amines, 322 
reaction with ammonia, 322, 458 
reaction with bromine, 316 
reaction with chlorine, 310-314 
reaction with CIO radicals, 312 
reaction with hydrogen, 310 
reaction with methanol, 439 
reaction with nitric oxide, 310 
-Warburg enzyme compound, 687 
Carbon suboxide, 308, 447 
Caibon subsulfide* 62, 64 
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Carbcm tetrabromHe, 345, 395, 401 
Curbtrn tetra^loridc, l«2, 2?% 359, 409, 520*528 
absorption apectrum, 395, 396 
aiwl bromine oxide, 346 
formation, 532, 533 
in rubber cements, 597 
pbotoreactions of, 354, 400, 529 
Carbons, arc, SI, 64 
Carljonyi chloride, S39 (sec Phosgene) 

Carbonyl ^roup. 416, 425. 426, 437 
Carbonyl liyponalides, 440 
CarbostyriL tetramethoxyphenyl, 484 
Carboxy*acids, 467, 547 
Carboxyl radical, 540 
Carcitiogenic agents, 765, 865 
CarqinoBias, 755, 766 
Carmidc II, 634 
Camauba wax, 410, 608 
Carotene, 512, SSS. 856, 871-873, 876, 882 
absorption spectrum, 853, 854 
and burns, 740 
and fermentation, 710 
and visual pttrple, 858 
as sensitirer, 862 
bleaching, 854, 856, 871 
conversion into vitamin A, 854 
formation. 888 

Carrots, destruction of vitamin A, 856 
Carvacrol, 513 
Carvone, SIS 

Caryophylline nitrositc, 515 
Casein, S83, 620, 674, 678 
Cassia oil, 513 

Castor oil, 411, 557, 559, 562, 574, 591, 612, 683 
Catalase. 560, 680, 685, 742. 756, 82S, 874, 877, 
889, 890 

Catalysts. 253. 254, 444, 498. 531, 532, 539 

Cataplasms, 657 

Cataracts, 763 

Catechin, 479 

Catechol tannin, 651 

Catechu, 613 

Cathode rays. 35, 152, 156. 657, 804, 828, 832 
Cathodes, nickel, 160, 161 
nickel oxide, 132 

oxide-coated, 131-133, 1,15, 136, 138-140, 146. 

151, 152, 160 
Schiiler, 151 
sputtering, 139 
tungsten, 131, 161 
WeWlt, 76, 131, 133, 156 
Cattle, irradiation, 835 
Celanesc, 188, 643 
Celt, absorption, 270, 271 
Celloidin, 46,1 
Cellophane, 185, 325 
Cells, filter, 184 

photoelectric, 97, 99, 100, 107 
photronic, 96, 97 

Celluloid, 9, 107, 407, 462, 463, 592 
Celluloid-Hke products, 411 
Cellulose, 562, 617. 618, 626 
acetate, 173, 463. 585, 588, 591, 640 
acetate silk, 188, 616 
acetobutyrate, 411 
and dyes, 633 
and flavanthrenc, 635 
l>enzyl, 463 
derivatives, 589, 621 
deterioration, 613-617 
ester, 173, 621, 648 
ethers, 648 
ethyl, 463, 591 
hydrate. 167, 562 
lacquer, 51, 588 
nitrate, 462, 585, 591, 618 
regenerated, 173, 562 
tncrolonate, 621 

"Ol-O-Glass/^ 170, 174, 175. 782 
Cephalm. 669 

Cereals, irradiation, 722, 789, 827, 829, 8.10 
Ceresin, 610, 661 
C^erpvisterol, 792 
Cerium, 23, 54, 97, 98, 174, 592 
< fluoride, 51 

hydroxide, 390, 432, 450 


Cerium, nitrate, 166 
oxide, 165-167 
peremorate, 370 
peroxide, 573 
Ckaetoptffrus eggs, 764 

Chain reactions, 213-215, 249, 252-255, 2.59. 356, 
357, 497 

bromination of acetylene, 537 
bromination of cinnamic acid, 486 
cblormations, 532, 535, 542, 543 
hydrogen-chlorine combination, 283-285, 287-290 
hydrogen-oxygen combination, 301, 302 
hydrogen peroxide photolysis, 340 
icxlme-sensttized ethylene iodide photolysis, 536 
ozone photolysis, 297, 398 
stvrene polymerization, 489 
Chalcone and derivatives, 490, 491 
Chalking, of paints, 577, 578, 581, 583, 589 
Chalks, 575, 582 

(’harcoal, 171, 226, 341, 392, 469 
Chardonnet silk, 188 

Charges, electric, removing from paper rolls, 662 
CTiecking, of paints, 577-579. 590, 603, 606, 607 
Cheese. .563 

hcmoluminesoence, 265, 464, 878 
herry-lawrcl water, 456 
Chicago, antirachitic radiations at, 170, 173 
Chicken food, antirachitic, 834 
Chickenpox, 775 
Chicks, and hay extract, 790 
encephaloinalacia factor, 856 
irradiation, 787, 788 
leg weakness, 175, 202, 787 
phosphatase, 819 

rickets, 143, 781, 782, 813, 817, 837 
China clay. 583 
Chinawood oil, 564-567 
Chiamydomonas eugamentos, g.amctes, 767 
Chloral hydrate, 416 
Cliloramine, 105, 721 
Chlorantin colors, 644 
Chlorates, 307, 346, 348. 349, 617 
(^hiora/ol dves, 616, 633, 638. 642 
Chlorella, 713, 714, 874-877, 882, 883 
Chloretone, 717 
Chlorhexane, 5.10 
Chloric acid. 298, 346, 548 
Chloride excretion, 760 
Chlorides, 341, 343, 346. .148, 384, 439, 751 
('hlonnatcd olefines, as solvents, 534 
Chlorinated rubber, 611, 612 
Chlorination catalysts, 531, 532, 539 
Chlonnations (see the compounds chlorinated) 
Chlorine, 187, 211, 215, 256, 291, 359, 400, 527- 
529. 531, 542, 543, 546, 547, 549, 550, 721, 
760 

ahsorption spertnim, 181, 235, 237, 244, 249 , 
281, 282, 291 
and copper, 359 
and hydrogen atoms. 540 
and natural gas, 526-528 

as sensitizer, 259, 297, 298. 302, 303, 310, 314, 
318 

attempted activation of, 284 
atom, 302, 306. 529, 532-535, 540 
reactions of, 213, 283. 284. 306, 313-316, 348. 
540 

bleaching. 617, 618 
carrier, 544 

dissociation, 237. 282, 283. 287, 291, 311, 3l2, 

314 

excited molecules, 269, 287, 290, 291, 311 
filters, 181, 182, 314, 800 

formation, 305-307, 347, 348, 361, 400, 451, 
506, 546 

in milk sterilization, 722 
istotopes, 227 
of skin, 742 

pholoexpan.sion, 282, 284, 285 
reaction with cOCl molecule, 312, 313, 315 
reaction with formaldehyde, 418 
reaction with sulfur chloride, 355 
reaction with sulfur dioxide, 331, 332 
tnatomic, 284, 288, 302, 311, 313 
water, 205, 346, 614 
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Chlorine dioxiae, 243, 28S* 306. 307, 347. 348 
heptcrxide. 348 
hoxoxide. 298. 307, 348 
monoxide. 305^307, 347, 348 
Chlorite*, 346 
Ghloroammopyridine, 520 
Chloroanthraquinones, S06, S07. 617 
Chloranthfone, 508 

Chlorobenjsene derivatives, 543, S44, 546, 547 
Chlorobenzoic acids, 477, 500, 546 
Chlotobenrophenone, 477 
Chlofobromobcnscne hexachloridc, 544 
Chlorobromoethylbensene, 546 
CWofocineolc, 550 
Chlorocinnamic acid, 483 
Chlorocumenc, 550 
Chlorocyclohexene, 543 
Cblorodibenzoylethylene, 489 
CWoroethyi ether, 546 
Chloroform, 528 

absorption and photolysis, 396, 400 
action of x-rays on, 209 
and quinine, 523 
chlorination, 532, 533 
formation, 452 
oxidation, 314, 532 
photolysis, 529, 400 
Chloroformic acid, 539 
Chlorohydroxyanthraquinone, 507 
Chloroiodoethylene, 412 
Chloromethoxyhenzaldoximc, 494 
Chloromethoxybenzophenone, 477 
Chloronaphthalene, 549, 592 
Chloronaphthoquinone, 502 
Chtoronitrodiaminotriphenylmethane, 626 
Chloronitrosocyclohexane, 461 
Chloronitrosopbenol, 479 
ChloroSlefines. 531 

Chlorophyll, 260, 261. 263, 264, 555. 791, 871, 888 
absorption bands. 870. 871 
and hydroycn, 679, 680 
absence ot photoelectric effect, 872 
bleaching:, 871, 872 

-carbon dioxide compound. 871, 875*877, 880 

chemoluminescent glow, 864 

diradic.al. 510 

fluorescence. 864, 877, 878 

fonnatiem. 886-888, 890 

green, 611 

orientation in chloroplast, 881 
peroxide, 863, 872 
photoactivity, 872 
photolysis, 680, 871 
photobxidation, 863, 871, 872, 878 
relation to carhohvdr.ale photosynthesis, 862, 
866, 872, 873. 877 

sensitizer, 434, 451, 490 , 498, 522, 553, 560, 
625, 626. 678, 749, 860. 862, 864 
skin sen.sitizatton hv. 741 
-water complex, 877 
Chloropbyllase, 873 
ChlorophylHn, 872 
4*ChloropJColtnic acid, 520 
Chloropicrm, 460 
Chloroplasts, 715, 866, 871, 881 
CTiloroprene, polymeiization, 596 
Chloropropancs, 526, 531 
l-Chlorosuccintc acid, 452 
Chlorotoluenes, 544, 549 
1 -Chlorovinylacctylenc, polymerizatu/n, 415 
“Chlorozone,** 288 
Chocolate, irradiated. 831 
Choke, for starting mercury arc, 92 
d-Choladienic acid, 817 
Cholantc acid, 817 
o-Cholatrienic acwl. 817 
Cholehematm, as pbolnsensiii/ei . 861 
Cholera phage, 712 
vibrio, 706, 758 
Cholcstadicne. 817 
Cholestantriol, 792 

Cholesterol, 660, 756, 79.3 812, 818 
absorption spectrum, 794 

antirachitic activation, 791-793, 795, 796, 802- 
804 


Cholestefol, contaminants as provitamins, 813-816, 
834 

7-debydro. 794. 811. 815-817, 834 

dielectric constant, 794 

dihydro, 791, 794 

eaters, 792 

fluorescence, 735 

in blood, 755, 773, 825 

in skin lesions, 742. 766 

irradiated, skin absorption, 847 

of wool, 623 

oxidation, 559 

sols, 669 

Cholesterol i zed antigen, 758 
Cholesteryl oxides, 792 
Cholic acid, 670 
Choline, 669, 677 
Christiansen filters, 189 
Chromates, 364 
Chrome Grecm 615, 633 
pigments, 582 

Chromic acid, 206, 209, 251, 252, 364, 450, 524, 
525 

hydroxide. 389, 404, 469 
sulfate, 439 
Chromium, 167-169 
cations, 337 
chromate, 404 

coatings for arc carbons, 51 
complex salts, 363, 369 
hydroxide, 615, 633 
tn cored carbon arc, 57 
lines, 26 

mirror in discharge lamp, 139, 142 
reflectors, 147 
salts, 187, 359, 443, 617 
tnoxide green, 612 
Chromophore theories, 624 
Chioraoprotem, m algae, 881 
Chromosomes, 703, 704, 718 
Chromotrope-2R, 260 
C'hiomyl chloride, 365 
(‘hrysiasis, 744 
(Tiryso^en, 504, 511 
Clirysoidine, 616 
Ciba Blue, 616 

Cibanone colors. 161, 616, 633 
Cinchonidine, 524, 658 
Cmchonmc, 524. 525 
Cinchoninic acid, 508 
Cineole, 550 
Cinnabar, 367 

('inrtarnaldehyde. 423. 474, 482, 484, 487 
tiitro, 475 
<iemicarbazone, 494 
('uinamalmalonic acid, diineis, 485 
Cinnamanilide. 484 

Cmnamic acids, 185, 482-487, 490, 491 
and nitrolicnzenc, 470, 471 
formation, 474, 482 
halogenation, 255. 267, 485-487, 547 
Cinnamic anhydride, 484 
Cmnamide, 484 
Cinnamon oil, 513 
Cinnamonitrilc, rv-phenyl, 743 
Cuinamylideneacetic acid, 484, 48 S 
('mnamyl ideneacctophenone, 485 
Cinnamylidene-m-nitroacctophenone. 485 
Circuits, electrical, for spark production, 39-42 
for starting mercury arc, 76, 77 
for underwater spark, 154 
Circulatory system, and irradiation, 733. 746 
Cis and trans compounds, absorption spectra, 412, 
413 

inteiconvor.sions, 457 
('ill. iconic arid, 456 
('iliiiconic anhydtidc, 806, H07, 834 
Cilral, 513 

CHne acid, 369, 377, 648 
and ferric iron, .361, .362 
and pyridine, 518 
brommation, 540 
in tobacco, 884 
oxidation, 364, 448, 450 
reduction of stannic acid, 366 
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Citric acid, ultraviolet sensitircr for plates, 381 
uranium^seoiiitired photolysis, 450 
Clark Hthopone units, 716 
Oay, in rubber, 610 
Cleveland, Solar energy at, 196 
Ooth, 188. 189, 727 

Clouds, effect on solar radiations, 198, 201 
Dove oil, 513 

Cluster tneorj^, Weigert, 285 
Coagulation time, blood, 746 
Coal-tar, 512, 600, 865 
Cobalt, 166, 167 
and lithopone blackening, 385 
cations, 337 

complex salts, 260, 368, 444, 445, 479 

drier,' 572, 574, 592, 596 

glasses, 165, 168 

hydroxide, 368 

in carbon arc, 57 

lines, 26 

oxide, 165, 179 

salts, 187, 188, 3S9, 367-369, 40J, 409, 444, 591, 
596. 869, 870 
suUate filter, 347 
Cobra venom, 691 
Cocaine, 268, S22, 658, 726 
Cocoa, fluorescence, 556 
Cocoanut oil, oxidation, 559 
Codeine, 525, 726 

Cod-hver oil, absorption spectrum, 555 
and calcium metabolism, 784, 785, 818 
and rickets, 779, 780, 786, 788, 813-815 
conductivity, 556 
irradiated. 728, 789, 791, 831 
oxidation, 559 
Cod-hver oil, toxicity, 822 
vitamins, 780, 793, 820, 834, 838, 854, 855 
Coenzymes, 680, 686-688 
Coffee, 660 

Coil, inductance, for starting mercury arc, 77 
induction, 136, 148, 149, 152 
preheating for starting mcrcuiy arc, 76 
Tesla, 153 

Colds, and ultraviolet irradiations, 775, 776 
ColeuSf 886 

Cifllagen, fluorescence, 651 
CoUetotrichmn phomoides, 711 
Collidine, 519 

Collisions, deactivating, 215, 231, 335 
of first kind, 257 
of second kind, 257, 258, 261, 262 
Collodion, 177, 462, 463. 479, 588, 627, 632 
Colloidal systems, 64, 386-392 
Collybia dryophila, 711 
Color centers, in crystals, 373-375 
Color photography, 627 
Colpidmm, sensitive molecules, 696 
Coltsfoot, 657 
Colza oil, 559, 612 
Combustion, and ultraviolet rays, 652 
Complement, 757-759 

Complex radiations, summed effects, 255, 256, 441 
Condensers, in production of sparks, 40-42, 153 
Cones, of retina, 857 
Congo Brown, 639 
Bed, 389, 625, 633 
resin, 585 
Coniferin, 436 
Conjunctivitis, 164. 763 
Conquinine sulfate, 521 
Constant, Planck's, 8 
solar, 1 

Cooper-Hcwitt arc, (see Meicury arc) 

Copal, 591, 610 

Copper, 258, 359, 415, 442, 463, 546 
ammonia complex, 179, 188 
and chlorine, 359 
and ergosterol, 832 
and fatty acids, 554 

and methylene blue-alcohol dch>diogetiase, 686 
arc, 47. 48 

comnounds and benzyl cellulose films, 592 

catalyst, 469 

cation, 337, 377 

eclls. in actinometry, 105 

Hjgg white sensitizer, S53 


Copiiei, in carbon arc, 57 
irradiated, 748 
line, 240 

number. 614, 616, 618-620, 633 
oxidation, 359 

salts, 184, 187, 188, 359, 362, 409, 498, 531, 
553, 589, 603, 610, 617 
sensitizer, 265 
sols, 386, 389, 391 
underwater spark, 153, 155 
Copper arsenate, m carbohydrate photosynthesis, 
870 

carbonate, 522, 883 

hydride, 237 

hydroxide, 389, 657 

oxides. 179, 304, 442, 508, 563, 655 

soaps, 586 

sulfate, 184, 186, 187, 347, 357. 439 
Coprosleiol, 792 
Corallm, 381, 629 
Coramme, 520 
Cordite, 462 
Corex (see Glass) 

( orium, of skm, 735, 736 
Corn, 886-888 

meal, bleaching by sparks, 45 
oil, 557. 574 
silage, 790 

C‘omea, of eye, 164, 762 
Coineum, of skin, 735, 736, 739 
Corpuscular theoiy, 3 
(^orrosion, of metals, 661 

Cosine law for intensity and angle of irradiated 
surface, 771 
Cosmic rays, 9 

Colton. 188, 502, 608, 613-618, 620, 621. 626, 633. 
637, 639, 646 
fluorescence, 645, 646 
printing, 495, 498 
( ottonseed oil, 557, 558, 789, 847 
('otvledons, 886 

( oumanc acids, conversion to coumarin, 488, 503 
Coumarin, and denvativCvS, 487, 488, 503, 562, 
609, 660 

Coumarone-indene resins, 585 
C'ounter, Geigei-Mullei, 100 
Cozymasc, 686, 687 
Oackers, irradiation, 830 
Cracking of paints, 577, 578 
of rubber, 606, 609 
Oagmor, solai energy at, 198-200 
Ciayons, 648 

('ream, irradiation of, 841 
(Creatine, excretion, 745 
('rcatininc, 745, 858 
Crepe dc Chine, 188 

Crepe rubber, 595, 598, 600, 602, 604, 605 
Cresol, 390, 469, 479, 513 
dinitro, 499 
vinyl derivatives, 411 
('resolbenzene, 562 
Cress seedlings, 715 
('resyl Blue, 365, 634 
Cresjl Fast Violet, 634 
Crocein, 629 

Crocetin, derivatives, 767, 856 
("rosin, 767 

Crotalus ternficus toxin, 678, 691 

Ootonaldehyde, 424, 425 

Crotonic acid, 407, 455, 456, 541, 565 

Ciotonic amide, 455, 456 

Trotyl cellulose, 591 

Cruxite A, 166 

(Crystal Ponceau, 632 

Crystal Scarlet, 625 

Oystal Violet, 105, 627-629, 6,33, 634 
Crystals, absorption spectra at low temperatures, 
336 

anlstotropic effects, 348, 353 
defects, and latent image, 374, 378 
diffraction ot x-rays, 8 
lattice energy, 372, 378 
photoprocesses, 372-376 
Cucumber plants, 885-888 
Culture media, irradiation of, 709 
Cumene, 550 
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Camidine^ 513 

Ctiminylioene hydra*cmc«, 493 
Cuprammomum rayon, 188, 613, 614, 621 
Cuprene, 414 
Cyananude, 354 
Cyanides, 265, 878 
Cyanins, 183, 632, 634, 636 
C’yanocyclopropane, and derivatives, 542 
Cyanogen, 52. 53, 192, 218, 363, 456-458 
('yelobutane derivatives, 484, 492 
Cyclohcptanone, 429 
Cyclohexane, 182, 407, 429. 466, 473 
carboxyl ic acid, 547 
1-cbIoro- 1 -nitroso, 46 1 
halogcnation, 211, 542-544 
irradiation with air, 656 
nitration, 470 
Cyclohexanol, 403 

Cyclohexanone, and derivatives, 395, 403, 429, 516, 
517 

Cyclohexenes, 407, 413, 543. 547 
Cyclohexenones, 516 
Cyclohcxylamine, derivatives, 612 
Cyclopcntane, and derivatives, 429, 448 
Cyclopentanone, and derivatives, 429, 516 
Cyclopropane, and derivatives, 395, 447, 466, 541, 
542, 546, 653 
Cyclops, 684, 767 
Cylinder oil, 653 

Cysteine, 433, 463, 673. 679, 750 
Cystine, 623, 672, 673 
Cytochrome, 687 
Cytolvflis, 716, 717 
Cytosine, 677, 696, 699, 701 

Dahlia, dye, 634 

Dammar, 590, 610 

Datura plants, 889 

Davos, radiation at, 195 

Decachlorocycl ohexene, 5 4 3 

Decal in. 511, 657 

Decenic acid, 553 

Dehydtoascorbic arid, 848 

DehydrochloropIi>ll, 878, 879 

7-I')ehydrocbolestone, 796 

7-Dehydrochole*'tenopmaoone, 817 

7-Dchydrocho1esteroI, 794, 811, 813. 815-817, 834 

Dehydroeigosteio), 810, 812 

Dehydrogenases, 686, 687, 760 

Dehydrolunii^^lerol, 810, 812 

Dehydronibrene, 603 

7-Dehydrositostcrol, 811, 816, 817 

7-Dehydrostigmastcir)l, 817 

Dental caries, 824 

Dentistiy, ultraviolet ladiations in. 769 
Dermatitis, 772, 861 
Dermatol, 479 

Dermatology, radiations in. 769, 861 
Derns, 659 

Desensitircrs, 439, 440, 863 
Designs, reproduction of, 648 
Desoxycholic acid, 817 
Deiiteroflavin phosphate, 853 
Deuterium. 290, 302. 320, 332, 394, 882 
Deuterium iodide, 305, 344 
Dewar flasks, filters, 187 
Dextrins, 388, 435, 436, 682 
Dejctrinosan, 435 

Dextrose, 183, 339, 371, 383, 883 
absorption spectrum, 431 
and anthraquinones, 507 
and diastase, 681 
and methylene blue, 630 
fermentation. 709 
photolysis, 432, 433 
reduction of tungstic acid, 387 
Diabetes. 752. 774 » 

Diacetone alcohol, 427 
Diacetoxyanthraquinone, 506 
Diacetoxyheliantnrone, 506 
Diacetoxynaphthadianthrone, 506 
Diacctyl, 421 

Diacctyl-diaminodiphenylaminr, 497 
Diacetylcne, 415 


Diagrams, cnergydcvel, 27-29, 92, 219, 220, 229, 
232-236 

Dialdehydeaaiobenzcnc, 498 
Dialkyl-dinrylfuiiMirates, 453 
Diallyl, 594 

DiaUyllhiocarbamide, 871 

Diamagnetism, of crystals, 379 

Dinmin Fast Yellow, 616 

Diaminooxoxy toluene, 499 

Diaminobenzoobemme. 562 

Diaminonaphtnalene, 497, 501 

Diammcrphenazine, 497 

Dianisidine, 479 

Di anthracene, 262, 504 

Dianthraquinonylethane, 506 

Dianthraqumone, dihydroxy, 506 

Dianthrone, dimcthoxy, 506 

Diarylanthracenes, 508 

Diaryl maleic acids, 4,54 

Diastase, 680-682, 742, 752 

Diatomic molecules, energy of, 232-234. 240 

Diatoms, 790 

l^iazoaminolienzene, 575 

Diazobcnzenesulfonic acid, 500 

Diazocamphor, 516 

Dtazo compounds, 460, 499, 500, 647, 648 
in aclinometers, 105 
in textile printing, 645 
photolyses, 624, 625 
Diazo, diphenylamme sulfate, 625 
l-Dia2o-2-hydroxv-3-naphthf)ic acid, 648 
Diazomethane, 460 

Diazonaphtholsulfonic acid, 624, 625 
Djaronium salts and textile printing, 646 
Diazo papers, 647, 648 
Diazo printing, 645. 647 
Diazo process, in photography, 384 
Diazosalicylic acid, 481 
Diazosulfanilic acid, 499, 500 
Diazoti/ed aniline, 646, 64 7 
Diazotypes, 647, 648 
Dibasic acids, 440-448 
Dilicnzalacetone, 743 
Dibenzanthrcne, 765 
Dibenzofiiran, 592 
Dibenzoj'lbiomoethylene, 489 
Dibenzoylcvclobutane, 492 
Dibenzovldibromoethylenc, 489 
Di benz oyl d i chi oroeth ylcne, 489 
Dibenzoyldimethyl naphthalene, 549 
Dthenzoyl peroxide, 480, 722, 723 
Dibenzoyl-tetraphenyltetrahydropyran, 268 
Dibenzvl ether, 405 
Dibromobenzoylbenzoic acid, 498 
Dibiomoethane, 440 
Dibromoethylene, 412, 537 
Dibromoisatin, 616 

Dibrnmomctboxyphenylpropionic acid, 487 
Dihromopinacolone, 539 
Dibromopropane, 546 

Dibroniophenvlcyclopropane-l,2-dicarboxy]ic acid, 
541 

Dihromosalieylic acid, 548 

Dibromotetrachlorelhane, 401 

Dibutyl phthalate, 481, 576, 612 

Dibutyl tartrate, 173 

Dichloracelic acid, 401 

Dichloracetyl chloride, 401, 407 

Dichloroacctylene, 538 

Dichloroanthracene, 703 

Dtchloroanthraquinone, 506 

Dichloroaznxvbenzene, 499 

Dichlot obetizene, 543 

Dichlorobenzene, hcxachloride, 543 

Dichloiobenzoic acid, 549 

1 . 5-Di (o-chlorohenzoyl > -naphthalene, 549 

Dichlorocamphane, 550 

Dichlorocmeole, 550 

Dichloroethane. 401, 526 

Dichloroethylene, 412, 413, 535, 537 

Dichlorodimethyllienzoylchioride, 548 

4.4-Dichloro-l,3-dithiacyclobutane-2-one anil, 464 

Dichlorohydritidones, 517 

Dichloromethane, 526, 532 

l,2-Dichloro-2-methylpropane, 532 
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1 .3- Di (oWoromcthyi ) 2-mcthylpropam, 532 
Dichloromethyl sulfate, 538 
I,3‘Dichloro«2iiljcnylpropanc, 550 
Ojchloropyi'idiuc aldehydes, S?0 
Dichlototolucne, 549 

Dichroism, circular, 266, 383 
Dichromates, 363-365, 384, 721 
Dichromic acid* S24 
Dicmnamalacetoiic, 485 
nicyclohexylamine, 612 
Dicyclopcotadieue, S38 

1 , S -Di (2, 5-dichlorben Koyl ) -2 , 6'dichlorottaphtha1 cne, 
549 

2.4- D«(dichloromethyl) benzoyl chloride, 548 
Didymium, 167 

Didymium glass filter, 177, 178, 616 

Dielectric constants, 249, 253 

Diethyl-allyUhiocarbamide, 631, 871 

Diethylaniline, 643 

Diethyl colhdenedicarboxylate, 519 

Dietltyl cyclopropane-1,1 -dicarboxylate, 447 

Diethyl dibromosuccinate, 454, 455 

Diethyl 2,6-dimethylpyndme-3,5-dicarhoxylatc, S2b 

Djcthyi dijphcnylfumarate, 453 

Diethyl diphenylmaleatc, 453 

Dicthylenc dioxide. 833 

Diethyl ether (see Ether) 

Diethyl ketone, 421, 428, 595 

Diethyl maleate, 407 

Diethyl phthalatc, 173 

Diethyl tartrate, 407 

Diethyl toluhydroquinone benzoate, 474 

Diffraction, 3, 4, 6-8 

Difluorenylcne* 511 

Diffuse bands. 241, 243 

Diffuse series, 23, 24 

Diffusion, and temperature coefficients, 248 

Di-furoyl peroxide, 517 

Digitalis, 268, 658, 890 

Digitonin, 670, 793 

Diglycoi. 405 

Diglycollic acid, 405 

Dihydrobenzanthrone, 505 

Dihydrochalconc, 490 

Dil^drocholesterol, 791, 794 

22-'Dihydroergosterol, 811-813, 817, 834 

Dihydroisophmalic acid, 481 

Dihydronaphthalcnes, 501 

Dihydronaphthyl acetic acid, 511 

Dihydrophytosterol, 791 

Dihydrcwoteiione, 659 

Dihydroxyacetone, 339, 404, 428, 432 

Dihydfoxyanfhragtiinone, 469 

Dihydroxybcnzaldehyde, 498 

Dihydroxybenzophenone, 474 

Dihydroxybutync acid, 407 

Dihydroxydianilinoindophcnol, 497 

Dihydroxydianthraquinone, 506 

Dihydroxy-dinaphthyl-diqumone, 502 

Dihydrox)^ I phenyl propane, 612 

9-<2',3'-Dihydroxy-l'-isopropyl)-isoalb)xazine, 852 

4 .4- Di (h ydroxyraeth y 1 ) benzophenone, 478 
Dihydroxy phenols, 833 
Dihydroxyphenyl alanine, 671 
Dimdyl-m-mcthoxy-p-hydroxybenzylKlenc, 517 
Diiodobenzoylbenzotc acid, 498 
Diiodoliutane, 537 

Diiodoethane, 400 
Diiodoetbylene, 399, 536 
Diiodomethane, 400 
Diisoxazole ketone, 517 
Diisoxazdcpinacol, 517 
Diketones, 404, 429. 431, 478, 514 
Dikctopiperazines, 674 
Diketostcaric acid, 574 
Dimethoxyanthracene photooxide, 508 
Dimethoxybenzaldoxime, 494 
Dimethoxybenzbianthrone, 506 
Dimethoxybenzophenone, 477 

6, 7 -Dimet noxy - 1 -hcnzyl-AT-meth yl - 1 , 2 , 3 , 4, t ct ra h yd ro- 
quinolmc-l-carboxylic acid, .521 
Dlmethoxydianthronc, 506 
Dimethoxyhclianthronc, 507 
Di|iRu?^thoxynaphthadian throne, 507 
DiifWfcthoxyphcttazine, 497, 498 


Dimethoxypyrene, 562 
DM-mcthoxystyryl ketone, 489 
Dimethylacetaldehydc, 42 1 
OimethyliUloxazinc, 852, 853 
D imeth yl ammoacetophenone , 629 
Dimethylaminobenzaldehyde, 498 
I limethylaniino-methylcouinarin, 609 
Diraethylaniline, 497, 643 
hydioxy, 497 

Dimethylanthraguinone, 506 
DimethylbenzophtTione, 477, 506, 547 
Dimethylbenzoyl chloride, 547, 548 
Dimethylbutadiene, 502, 594 
Dimethyl cartionate, 539 
Dimethylchlorobenzophcnone. 547 
Dimethylcoumanc acid, 503 
Dimethylcoumarin, 503 
Dlmetbylcyclohcxenone^ SIC 
Ditnethylcyclohexyl adipate, 650 
2,2'-Dtniethyl-9,9'-dihydroxy-l,r-drcafboxyljc dil- 
actonc, 507 

htXDimethylbenzoyl ) ethylene, 489 
Dimethyldipbenyltruxonc, 527 
Dimethyl ether, 405, 459 
D imeth yiethylene, 429 
Dimethyl fumaratc, 453 
Dinicthylhexene, 461 
Dimethyl -n-hexyl dimethyl carbinol, 428 
Dimethyl maleate, 453 
Dimethyl phenazine, 497 

2.3- Dimcthyl-l,4.11,12-tetrnhydrophenQnthreneqiiin- 

oiie-1 l,12-e»tdo-2'3'’-dimcthyl-2*-butene, 502 
Dimethylditolyl fuiuarate, 453 
Dimethylditolyl maleate, 453 
Dinaphthalene azotide, 497 
Dinaphthazine. 497 
Dinaphthylantnracenes, 508 
Dinitroazoxyhenzenc, 499 
Dinitrobenzaldehyde, 475 
Dinitrobenzene, 469, 471 
Dinitrobcnzoyl chloride, 834 
D i-o-nitrohcnzylid cneeryth r itol , 472 
2,5'-Dmitro-5,5'-dimcth()xydiphen>l disulfide, 500 
Dmitronaphthalencsulfonic acid, 501 
Dinitrophenol, 499 
Dmitrotetrammine cobalt, 368 
DinitrotoUiene, 470-472 
Dmiti oti ipbenylmctliane, 626 
Dinitrosonydroxybenzyl alcohol, 471, 472 
Dioxytriphenylnaphthacene, 511 
Drparatungstic acid, 369 
Dipe|>tides, 074 
Dipentenc-3 -methane, 514 
Diphcnosuccmdan-9, 1 2-dione, 550 
Diphenyl. 480 

Djphenylacyldiphenylmethane, 493 
Diphenvlallyl ether. 493 
Diphenylamine, 462, 591 
7>iphenylaiiiinobenzene, 562 
Diphcnylanthracene, 508, 510 
Diphenyl-4,4-h w- (8-azo- V-phe n vl -)5-naphthylam ine ) , 
626 

Diphenylhenzene, 592 
Diphenylbenzopinacol, 477 
Diphenylcyclobutane~2,4-diatroponitrilc, 484 
Diphenacyldiphenylmethane, 521 
Diphenylene ethylene, 408 
Diphenyl ethane, 478 

Djphcnyidimethyltruxoaes, 492, 493, 517 
Diphenyl-htjp-diphcnylencthane, 626 
Diphenyl-di-2-pyridylelhane, 520 
Diphenyl furazan, 498 
Diphenylglyoxime, 461 
DiphenylRuanidme. 592, 605, 610, 612 
Diphenyl ketone, 595 
Diphcnylmcthane dyes, 640 
Diphenylnapththacene, 510 

2.3- Diphenyl-o-8-naphth-l,2,3-triazoliitm picrate, 

626 

1 ..i-Diphcnyl-2,4~htV(j8-phenvl-j8-cyanovinyl) cyclo 
butane, 484 

Diphcnyltruxone, 493, 517 
Diphosgene, 539 
Diphtheria, 825 
bacillus, 704 
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Biphtiteria, toxin, m, 691 
Dipropyjglycol, 403 
0ipro|iyl ketono» 429 
Diradical, rttbr©inr» 509 
Direct dyes, 516, 635, 642 
Dir«t Scat'iet, 390 
Diriciaoleic acid, 554 
Disaccharidcs* 434 

Discharge, electrical, claastfication, 30, 32 
electroddcsf, 36. 37, 157 
glow (see Glow discharge) 
hydrogen (see Hydrogen, discharge) 
incrciary (see Mercury, discharge lamps) 
silent, 292. 310 
Diailane, 333 

Displacement law, Wien, 94 

Dissociation, 212, 214, 216. 218. 227, 229-244 

Distyryl ketone, 489 

Disulfidc.s, 463 

Distemper, 777 

Ditctrahydrofnrfarylammc, 612 
1 , 2 , 7, 8 -D j - ( 1 , 5 -tetraao) -4-meth yl - ( 1 ,8-naph th y n*. 

dine, 1,2,7,8-tetrahydride), 503 
Dithiocyanoetnanes, 457 
Dithiocyanpethylcne, 457 
Dithionate ion, 355, 356 
Di-o-tolylgnanidine, 60S 
^4-Di(trichlororaethyl)bcn2oyl chloride, 548 
Diuresis, 760 
Divmylacetylene, 415 
DodccachlorocyChlohexane, 543 
Dodecyl aldehyde, 424 
Doebner'a vjolet, 629 
DSppler effect, 231 
Dogfish oil, 853 
Dogs, 745, 786 

formation, 671 
Dough, irradiation, 723 
Dragon’s blood, 610 
Draper effect, 284, 285 
Drosera whttaheri, 502 
Droscrone, 502 
Drosophila, 703, 765 
Drugs, and light. 268, 657, 658 
Dryco, irradiated, 827 
Drying oil substitute, 584 
"Dual purpose" sources, 142-147 
Duco, nitrocellulose enamel, 586 
Dulcitol, 1,2,5,6-di-o-nitrohenzylidene, 472 
Duranthrene yellow, 633 
Durophen lacquer, 592 
Dust, 196, 201. 202, 340 
Dyeing, aniline black, 495 
nitronaphthalene derivatives, 501 
Dyes, absorption, 624 
and carbohydrate photosynthesis, 869, 873 
and cotton tendering, 615, 617, 643 
and gasoline, 657 
and irradiated wool, 622 
and perfused heart ihythm. 761 
and potassium dichromate, 634 
and rubber oxidation, 601, 603, 609, 610 
and Weigert effect, 383 

as photosensiti/ers, 259, 260, 263, 264, 381, 
556, 712, 745, 832, 862 
associated. 264 
azine, 497 
azo, 624, 630 
Dyes, basic, 485 
diphenylmethane, 640 
direct, 390, 616, 635, 642 
excited, 263, 264 

fading, 103. 205, 206. 259, 384, 631-635, 863, 
864 

fluorescent, 260-264, 463, 600, 645 
for airplane wings, 643 
for balloon fabrics, 608 
for filters, 177, 182, 632 
halogcnated, S07 
in paper, 644 
in textile printing, 645 
nitrated, 6a3 

jjeroxidc formation, 863, 864 
phthalein, 629 

testa for light fastness, 443, 578, 634-642 


Dyes, triphcnylmethane, 626-629, 632 
_vat. 616, 617. 630, 642, 647 
Dypnone. 490, 494 
Dysentery phage. 712 

Eat th worm, porphyrin, 767 
Eastman sensitizer, 382 
Eastman UV spectroscopic plates, 160 
Ebonite, 584, 608, 609, 611 
Eclampsia, tbcrafiy, 774 
Eczema, 769, 824 
Edcr reaction, 443-445 
Edcstin, oxidation, 678 
Egg yolk, sterols, 789, 816 
Eggs, 717, 718 
antirachitic properties, 787, 827 
Arhacia, 764 
Chaetopterus , 764 

hatchabUity, and production, 787, 788 
sea urchin, 764 
starfish, 764 
Eigenfunctions, 26 

Einstein equivalence law, 207, 210, 211, 213, 222 
266. 343, 351, 35S, 732, 802, 863, $74 
unit, 207 
Elaidic acid, 565 
Elder blossoms, 657 

Electrical discharges, classification, 30, 32 
Electricity, static, removal from air, 662 
Electrodes, (see also cathodes and mercury arc) 
aluminum, 156, 157, 159 
arrangement for sparks, 42-44 
brass, underwater spark, 153, 155 
carbon, 150 

for discharge tubes, 133. 135, 140, .339, 364 
for many-lined emission, 152 
Electrolysis, intramolecular, 371 
with irradiated cathodes, 339 
Electromagnetic spectrum, 2, 3, 6, 9, 10 
Electrometer, 97 
Electron, accelerated, 8, 9 
affinities, 263, 337, 338, 372. 378, 438 
alloy, 661 

bombardment, 209, 229, 348, 354 
diffraction, 11 

displaocraents in crystals, 373, 374 
energy levels, 218, 220 
high-velocity, lethal action of, 70S 
orbits, 26 
primary, 3 1 
secondary, 31 

tcmpeiatnre m aic plasma, 48, 94 
transitions, 22-24, 227, 337, 338 
ultimate, 32 
Eiet Iron-volt, 8, 220 
Electrophoresis, 387, 388, 704, 751 
Electroscope, gold leaf, 97 
Elements, discovery, 662 
in sun, 192 

transitional, absorption spectra, 337 
Eleomarganc acid, 564 
Eleostcanc acid, 564-566, 574 
Elixir of pepsin, 658 
Elodta canadensis, 715 
Embryonation, roundworm ova, 718 
Embryos, 718, 765 
Emetine, 760 

Emission, of radiant energy, quantum theory, 

Eniulsin, 680 
Emulsions, 391, 657 
gelatin, 266, 379, 380 
of bacteria, 693, 694 

Enamels, accelerated weathering testa, 586, 587 
Enantlialdehyde, 423 
Encephalitis virus, 712 
Encephalomalacla factor, 856 
Endocrine organs, 790 
Energy, and mass ^uivalence. 191 
intramolecular migration, 427 
levels, 17, 21-23, 26-29, 92, 218-220, 222. 223, 
226 230 

Engine oil, irradiation of, 653 
Entropy, 217 
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En«ym«s» 370^ 436, 680^688, 727, 8S3, 891 
and plant pnoto^yntbesis, 874, 876, 880 
in blood., 75d 
itiactivation thresholds, 247 
nucleic aeid-spttiinfir, 703 
Eosin, 260. 264, 339, 344. 381, 383, 390. 633 
as sensitizer, 433, 444, 445, 451, 498, 553, 
554, 595, 678, 682-684. 688. 703. 72^ 812, 
817. 862, 863. 865 
in biologftcal stains, 631 
in tbcrany, 772 
lake, 642 
photolysis, 498 
^hedrine, 688 
Epichlprhydrin, 497 
Epicholestcrol. 792 

£4>iderinal ceils. Aucubus leaves, 715 
Epidermis, 693, 735-737, 739. 772, 809 
Epihydrinaldehydc, 553, 560 
Epilepsy, 776 
Equilibrium constants, 217 
Ergometrine, 525 
Ergopinacol, 812 
Ergostatrienc, 796 

Ergosterol, absorption spectrum. 795-797 
and coron.i discharge. 832 
and fermentation, 709 
and tobacco, 660 

as provitamin, 794-803, 813, 814, 816 

color reactions, 796 

dehydro, 810, 812 

22-dihydro, 811-813, 817, 834 

in soaps, 847 

in skin lesions, 742 

irradiated, 782, 800-807, 809-811, 819 828, 831, 
832, 834 

sensitized reactions, 812, 862 
peroxide, 812 
production, 832 

separation from vitamin D. 833 
structure, 795. 796, 809, 811 
unimolecular films, 811 
Ergosteryl acetate, 804, 812 
Ergot, 525, 795, 796, 828 
Ergotetraene, 812 
‘‘Ertron,’* 832 

Erythema, 673, 733-742. 744, 754, 757, 759, 773, 
775 

indwratfifii, 769 

production and reciprocity law, 101 
radiations causing. 103, 105, 197-199, 628 
tests for dosage in therapy, 102, 771, 783 
Erythritol, di-o-nitrobenzylidene, 472 
Erythrocytes. 746-750, 758. 818, 860, 863, 865 
Erythiosin. 264, 381, 390, 634 
as sensiti'/er, 490, SS4, 863 
photolysis, 498, 629 
Erythrulosc, 432 

Usch&rchm iph, 693, 691, 698. 704-707. 711. 

712, 757. 775 
Esculin, 390, 562, 629. 743 
Eserinc salicylate, 522, 726 
Esparto, 644 

Essential oils. 513-515, 727, 728 
Ester gum, 585, S90, 591 
Esters, absorption spectra, 437 
as polymerization inhibitors, 410 
chlorinated vinyl, 410 
formation in plants, 882 
hydrolysis, 436 
in fermentation, 709 
Ethane, 258, 406, 440 
diphenyl and derivatives, 478, 520, 626 
effect on acetone photolysis, 428 
formation, 396-398, 406, 407, 414, 418, 425-427, 
429, 431, 448, 458-460, 464 
halogcnated, 400, 526, 528, 533-535, 537, 613 
photolysis. 393, 394 

Ethanol, 340, 365, 366, 369, 433, 449, 471, 514 
absorption of light, 401, 402 
addition to crotonic acid. 455 
and chloroform chlorin-ition, 533 
as polymerization inhibitor, 410 
, bromination, 538 


Ethanol, formation, 397 
oxidation, 403, 404 
photolysis, 402 

reaction with ketones, 403, 514, 517 
Ether, cliloroethyl, 546 
diethyl, 540 
dimethyl, 40S, 459 
diphenylallyl, 493 
h^hers, .?6l, 405, 467, SIO 
Ethoxy. m {lines, 498 
Ethoxylienzoyl acrylic esters, 491 
Ethyl acetate, 340, 356, 431, 436 
acetoacetate, 431, 630 
alcohol (.see Ethanol) 

Etbybaminc, 322, 340, 403, 408, 458 
Ethylanthracene, 509 
Ethylbenzene, 488, 546 
Ethyl benzoate, 340 
bcnzoylacrylate, 491, 492 
bromide, 396 

bromocyclopropanedicarboxylate, 542 
bromopropionate, 266 
Ethylcaroazole, 382 
Ethylcellulosc, 463, 591 
Ethylchlorophyllide, 862, 863, 872 
Ethyl ciunamate, 340 

cinnamvhdenecyanoacQtate, 484 
Ethylcoumaric acid, 488 
Ethyl cvanocyclopropanecarboxyl.ite, 542 
jEthylcyclopropane, dicarboxylate, 542 
Ethyl dia/oacetate, 460 
dibiomfK'yanobutyrate. 542 
dihvdrocolUdmc dicarboxylate, 382 
diphenyl-lactate, 493 
diphenylrubrenedicarboxylate, 510 
ether, 540 
fum.arate. 454, 455 
green, 634 

iodide, 246, 336, 396. 397 
Icetopcntadienedicarboxylate, 489 
m.aleate, 454, 455 
malonate, 540 
merc.aptan, 463, 465 
Etbylmethylmaleimidf, 872 
Ethyl nitrite, 461 

rutroben/ylulciie malonate, 548, 549 
oxal isobutyrate, 493 
peroxide, 397 
phenylacetate, 340 
Ethylphenylanthracene, 508 
Ethvlphenvlindone, 493 
Elhvl radical, 396, 408 
red, 381 ^ 

Ethylthiolaclic acid platinum, 464 
Ethyl toluldineobutynite, 456 
Ethylene, 39.3, 406-408, 440, 833 
and methylene radicals, 430 
formation, 396. 398, 399, 414, 422, 429, 430, 
458, 460, 514 
halogenatioti. 534, 537 
hydrogenation, 258 

Ethylene, benzoyl derivatives, 489, 490, 493 
hiphenylenc, 408, 490 
dibromo, 537 
dichlonde, 534, 535, 537 
diiodide. 399, 400, 536. 537 
dimetbjd, 429 

glycol. .199. 404, 407, 408, 410, 562, 660 
oxide, 493, 612 
peichloro. 657 
phenyl, 488 

tetrachloro, 534, 535, 657, 659 
Iricbloro, 529, 535, 657 
triraethyl, 594 
Etioglaucobilin, 680 
Etioneoxanthomethenes, 680 
Etioporlibyiin, 680, 872 
Eucalyptus oil, 513 
Buchoris multicornis, 767 
Eugenol, 513, 514 

Buglcna, lethal action on, 733, 888 
‘‘Kvereadv" therapy units (see Carbon arc) 
“Everfast” suitings, 616 
Excited molecules, 214-216, 242, 251 
states, 220, 226, 232, 243 
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Excitoa, 375, 579 

Exclusion princink^ 05 

E;Kcreta, antirachitic action of, 780 

Exploded wir^ ultraviolet source, 35, 36 

Explosions, 209 

Explosives, smokeless, 462 

Extinction coefficients, 249, 250, 271 

Eye meffia, 762-764 

Eyes, protection from radiations, 164 


r acid, and photopyridme, 519 
F color centers, 373, 374, 375 
Fabrics, 188, 189, 613-617, 621, 635, 645 
Fadc-Ometer, 508, 578, 608, 616. 617, 622, 623, 
633-635, 641-644 
Falk electrophoresis cells, 704 
Faraday dark space, 30, 31 
l^’anna, irradiated, 830 
Farmer's skin, 769 
Fast Orange, 634, 639 
Fast Scarlet, 5, 639 
Fat, absorption spectrum, 670 
and ei'/thema, 741 
and milk irradiation, 762, 844 
beef, 559, 560 
fluorescence, 556, 600 
foimalion rn plants, 882 
irradiation, 789, 827, 831 
metabolism, 826 
oxidation. 559 
stci iHzation, 721 

Fatty acids, 508, 553, 554, 559, 652, 669 
Fehling’s solution, 614 
von F'ellenberg test, 561 
Fenclionc, SJ4 

Fermentation, 432, 660, 709, 710, 826 
Fern«<, piothallia of, 714 
Feme acetyl acetone, 465, 595 
chloride, 205, 410, 411, 469, 503, 531, 532, 
539, 544, 553 
and chloriiphyll, 872 
aiid gelatin, 384 
and lubber, 595 
.IS stnsili/CT, 441, 442, 867 
catal>st, 883 

crystal, light absorption, 360 
photolvsis, 360. 361 

reductinri by organic acids, 441, 443, 448, 450 
gluconate, 451 

hydioxide. and cotton, 614, 6l5 

catalyst for photosynthesis, 868, 870 
sol, 389-391 

ion, 344, 360, 448. 451, 631 
nitrate, 522 
oxalate. 255, 445 
oxide, 167-169, 171, 577, 870 
resinatc. 619 

saltH, 361. 362, 384, 444. 449-459 
snlfatc, 359, 362 
Ferricy,anide ion, 341, 362, 363 
Ferrites, 173 

Ferrocyanide, 341, 354, 362, 363, 630 
Ferrocysteinc-carbon monoxide compound, P87 
Fc irons acetyl acetone, peroxide, 465 
carbonate, 831 
chloride, 361. 367, 553, 872 
hydroxide, 360, 362, 450 
iodide, oxidation, 254 
ion, 263, 344, 360, 439, 455, 686, 881 
oxide, 167, 168 
resinates, 619 

salts. 444, 449. 588, 589, 669, 702, 868 
sulf.ate, 359, 360, 364, 443, 455, 631 
action of X-rays on, 209 
and chlorophyll, 871 
oxidation b^ fienyoqiiinone, 480 
reaction with iodine, 344, 345 
sulfide sol, 390 
thiocyanate, 358 
Fertilizers, 662 
Fertilizin, 764 

Fibrinogen, 676. 678, 825, 862 
Films, photographic, transparency, 58S 


Filter, 177-189 
ammonium tJhiocyanate, 347 
and irradiation of marine organisms, 717 , 71 $ 
benzene, 799, i$29 

caffieine, 370 ' 

carbon disulfide, 833 

chlorine, 314. 800 

cobaltouB sulfate, 347 

copper sulfate, 347 

Corning G 586 AW. 889 

for accelerated paint tests, 580 

for actinometry, 102, 103 

for irradiating crgoatcrol, 833 

infrared, 126, 178, 186 

m irradiating foods, 828, 829 

m measuring energy distribution, 96-lOi 

in studies of bacterial action, 692 

lead acetate, 726 

methylene blue, 744 

nickel oxide, 663 

paper, 619 

photographic,, 178, 632 
postassmm nitrate, 800 
quinine sulfate, 347 
Schott glass, 864 
silver-leaf, 150, 178, 762 
to remove rays shorter than 3200 A., 150 
Wood's glass, 781 
xylene, 829 
Filtray A. 166 

Fish, antirachitic potency, 827 
oils, absorption bands, 853 
Fish-livers, origin of vitamin D, 790 
l^agella formation, 767 
Flaking of paints, 577 
Flames, 35, 663 

Flaming aic (see Carbon arc, flaming) 
Hannel, 188 

Flavanthrene, and cellulose, 635 
Flavin. 686, 850-853, 857-859 
Flax, 613, 645 
Flex-o-glass, 170 
Flexometer, 587 
Flondm. 794 
Floridosule, 436 
Flour, bleaching, 45, 722 
Flowers, 178. 715 
Fluoiciy, 664, 852 
Fluoiene, 382, 490, 504 
ammo, 511 
phenyl, 512 

FJuoicnenc, 476. 477. 511 
Fluorescemj 260, 262, 339, 390, 864 
as sensitizer, 725, 865 
destiuction, 629 
.sodium, 864 
surface tension, 503 
Fluorescence, lOS, 150. 207, 213-215 
and Edcr reaction, 444, 445 
and mature of spectra, 230, 231, 242, 243 
and scnsiUzation, 260-263, 862 
and tetraphenylrubrcne oxidation, 510 
analysis, 178, 575, 663-665, 852 
m tanneries 651 
of dyes, 645 

of tats .and oils, 556, 557, 559 
of ink, 644 
of lacquers, 591 
of paper, 620 

of resins, 158 

of rubber accelerators, 600, 601 

of textiles, 624 
assay, flavins, 852 
benzene, 466 
catalase, 685 
CMordla, 877 
chlorophyll, 864, 877, 878 
efficiency, 261, 262 

{ flass, 176 

lydrogen peroxide, 304 
in radiation measurement, 100 

of skin, 734, 735 
phcophorbide-b, 879 
quenching, 231, 257, 260-264, 335 
textiles, 624 
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Fluoresoence* theory, 261, 665 
ultraviolet, in biology, 233 
ycafit respiratory enaymes, 687 
Fluorescent lamps, 142, 152 
Fluorides, 171. 172. 657 
Fluorine, 238, 274, 317 
oxide, 349 

Fluorite, 7. 151, 208. 349, 698 
Fluoroheptachlorocydonexaiie, 544 
Fluorometers, 105 
Fog nuclei, 387 
Follicular hormones, 689 
Femes pint, 889 

Foods, irradiation, 721-724, 788-791, 827-831 
Foot-and-mouth disease, virus, 712 
Forbidden lines, 24, 92 

Formaldehyde. 173, 258. 308. 310, 315, 316, 368, 
435, 439, 573, 612, 705, 883 
absorption spectrum, 416 
and ammonia, 522 

and lethal action of radiations, 695 
and nitrites, 882 
and tryptophane oxidation, 671 
condensation with urea, 584 
conversion to alcohol, 418 
dissociation, 240 

formation, 72. 308, 396, 397, 399, 400, 402, 
403, 428, 433, 434, 439, 441, 451, 462, 
465. 525, 873 
from egg albumin, 676 
m atmosphere, 194, 869 
in plant photosynthesis, 866-870, 877, 880 
oxidation, 418, 422, 434 
photolysis, 240, 416, 417, 420, 422, 425 
pol ymerization , 416 
production from water gas, 259 
reaction wtih chlorine, 418 
reduction of tungstic acid, 387 
Formamide, 322, 458 
Formhydroxamic acid, 882 
Formic acid, 308, 369, 418, 469, 584, 695, 878, 
883 

absorption spectrum, 437 
and chlorophyll bleaching, 872 
chlorination, 539, 540 
-formate buffer, 364 

formation, 399, 404, 407, 422, 440, 460, 467. 
468, 480 

in plant photosynthesis, 8o7, 868, 880 
oxidation, 440 

photolysis, 246, 422, 437, 439, 440 
Formose, 867 
Formyl chloride, 418 
Fractures, healing rate, 819 
Franck-Condon piinciple, 236, 242 
Franck-ITaber theory, 355 
Fraunhofer lines, 4, 6, 18 
Free energy, 217 
radicals, 231, 397, 421, 424-426 
Frcriuency, 5 
Fnedlander’s bacillus, 720 
Frog eyes, oxygen uptake, 764 
larvae, 765, 766 
muscle^ 678 

Frost injury of plants, 887 
Fructose, 432-434, 521, 710, 867, 883 
nitrobenzylidene acetal, 472 
Fruit, composition after irradiation, 891 
juices, steriliication, 722, 725 
Fuchsin, 179, 182, 264, 382, 498, 629 
Fucoxanthin, 882 
Fulgides, 493 

Fumaric acid, 412, 45I-4SS, 541, 764 
Fumaronitrile, 457 
Fundamental frequency, 233-235 
senes, 23, 24 

Fungi, 711. 860. 886, 889, 890 
Fungisterol, 796 
Furandicarbt>xylic ncid, 515 
Purazan, diphenyl, 498 
Furfural, stability, 466 
resins, 584 
Furoperacid, 5 17 
^^Furunculosis, 769 
F^sarium, 711 


G octd, 3S2 

Gadolinium ootttpoti&ds. 142 
Gaede pump. 146 
Gaertner bacillus, 756 
Galactose, 432, 433, 521, 752, 883 
nitrobenaylidene acetals, 472 
Gallacetophenone, 498 
Gall bladder. 626 
Gallium, in cadmium lamp, 150 
Gallocyanine, 632 
Gallodavin, 479 

Gametes, of CMamydimoms, 767 
Gamma-rays, 2. 7, 9 
Gas, electrolytic, 310 
inert, 77, 131, 132, 138, 296, 297 
ionization, 269 
irradiation apparatus, 70, 71 
natural, chlorination, 526-528 
Ga& gangrene bacillus, 710 
Gasolines, 503, 651, 657. 665 
Gastric juice, 677 
secretion, 759, 760 
Gastrulation, 718 
Geelgikup, 861 

Geiger-Miiller counter, 100, 768 
Gcissler tube, 30 

Gelatin, 363, 481, 620, 645, 662. 676-679, 688, 
727 

ahsotption of ultraviolet rays, 7 
and cobra venom, 691 
and diastase, 682 
and lead arsenitc papcis, 359 
and silver nitrate, 383 
and Sliver sols 388 
and Weigert effect, 383 
chromate reaction, 365 
emulsion, 266, 380 
ferric chloride reaction, 384 
films, 562. 585, 632 
filters, 177, 182, 183-186 
gd, 389 
^ in paper, 619 
Gels, Liesegang rings m, 391 
Gentian violet, 634 
Gentianose, 435 
(jrentiopicnn, 436 
Gcntisic acid, 479 
Geraniol, 514 
Geranium, plants, 886 
Germane, 333 

Germinating layer, of skin, 736 
Germination, 716, 849, 885, 886 
Getter, 138 
Ghee, 856 

Glands, of internal secretion, 688, 689, 759, 760 
Glass, absorption of ultraviolet rays, 7, 164, 168- 
176 

American Optical Co. Nos. 57 and 58, 165 

and drug deterioration, 657, 658 

and dye fading, 637, 639 

and gasoline color stability, 653 

barium, 165. 201 

beryllium, 170-172 

black. 167, 187 

bonding with rubber, 611 

Chancels, 100, 187 

cobalt, 165, 168 

colored, and paper, 620 

Corex, 100, 101, 103, 143, 146, 169, 170, 173- 
175, 179, 181, 185, 325, 637, 653, 704, 781, 
843, 844 

Corning, 165, 174, 186, 187, 580, 782 
Ciookes, 164-166 
didymmm, 177, 178 

filters, 164, 177-181, 188, 664, 711, 889 

for se.ils into quart/, 75 

for sunlamp, 14.3, 146 

fluoiescent, 142, 176, 663 

Getan, 172 

hcnt-tran«mitt ing, 1 0 5 

Helio, 174, 175, 181 

infrared absorbing, 164 

laminated, 167, 411. 591 

lead, 148. 165 

lime, 165 
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GIftW, UtWum. 1$S, 172 
Loekc. 174, 17S 
170 

matiganose. 17$ 
microscope, 1$1 
neodymium oxide, 178 
nickel, 108 
Nonex, 75 

Novtol, 105, 180. 187, 188, 886 
Noviwcld, 165 

optical crown, 165, 166, 180 
phosphate, 132, 133, 168, 172, 176 
plate, 176 

powdered, in rubber, 610 
protective, 164-167 
Pyrex, 72. 75. 103, 146 
quarte, 173, 175 
Schott, 17S. 864 
sextant, 16s 

soda-lime, 148, 165, 166, l68, J75, 176 
solariration, 174-176 
Uviol, 156 

Vita, 103, 104, 169, 172-175, 178, 181, 637, 
661, 711, 712, 776, 782, 825, 887, 888 
window, 103, 169, 170, 173-175 
sine, 165 
Glaucobilin, 680 

Globin, ammonia formation. 676 
Globulin (»cc Serum globulin) 

GlomerHla, 890 

Glow discharge. 30-32, 47, 93, 131, 136441, 146 
hydra/ine formation in, 319 
m gasoline treatment, 655 
in vitamin D production, 804, 832 
nitrogen dioxide synthesis by, 327 
Glow lamp, 132, 138-141 
Olucolysis. 710, 857, 858 
Glucosamine, 433 

(Jhicose, 369, 387, 432-436, 686, 688, 710, 883 
and pyridine, 521 
fermentation, 709 
phenyl osazone dicarhoxvlic acid, 183 
photosynthesis, 867 
tolerance, 752 
Glucosides, 432. 436 
Glucuronic acid, 435 
Glucuronosidasc, 684 
Glue, 612, 619 

Glutacondialdehydc, ammonia derivative, SI** 
Glutamine, 883 
Glntaric acid, 441 

Ghrtathtone, 432, 680, 743, 751, 760, 761, 764, 
825 

Glyceric acid, 404 
aldehyde, 402, 404 
Glycerides, 554 

Glycerol, 185, 260, 339, 353, 361, 385. 523, 612, 
645, 660, 737, 791, 883 
from lecithin, 069 
oxidation, 404, 559 
photolysis, 402, 403 
preparation, 407 
Glycerol butyl phthalate, 592 
nitrobenzylidene benzoyl, 472 
phthalic anhydride resins, 585 
salicylate, 743 
G1 ycerophosphatase, 818 
Glycerophosphoric acid, dehydrogenase, 687 
Glycerose, 339 
Glycerosone, 431 
Glyceryl acrylate, 456 
galactoside, 436 

Glycme, 260, 671, 672. 677, 681 
Glycogen, 436, 706, 742, 752, 753 
Glycol. 402. 405, 407, 472, 656 
Glycolaldehydc, 404 
Glycol, dipropyl, 403 
methyl phthalate, 591 
nitrobcnzylidene, 472 
peroxide, 402 
salicylate, 743 
vinyl ether, 411 
GlycolHc acid, 451,^ 671, 867 
Glycolysis, and sensitizers, 863 
Glycosuria, 752 
Glycyl glycine, 436, 672 


Glycy I tyrosine, 436 
Glyoxal. 404. 415, 431, 450, 45J 
Glyoxalic acid, 869 
Glyoxtnies, 461 t 
Glyoxylic acid, 451 
Goats, 861 
Goitre. 689, 777 
Gold. 142, 165, 178, 366, 377 
chloride. 371. 391, 522. 605 
salts, 359, 388 
sol, 388-391, 669, 677 
Goldfish, 402 

Grams, photographic, 379, 380 

Granatitm, tincture, 658 

Graphite, 253, 341, 612 

Graphitic acid, 64 

Grass, 790 

Grass-bleaching, 615 

Grating, diffraction, 4, 6, 7 

Grignard compounds, 464 

Grotrian diagrams. 27 29 

Grotthuss-Draper law, 205, 206 

Ground stale, 230, 232, 237 

Growth, 58, 150, 759, 886-888 

Growth-substances in irradiated cells, 708, 709 

Guaiacol, 513, 726 

Guaiaconic acid, 479 

Guaiarctic acid. 479 

Guanidine, 458, 672 

derivatives, 592, 60S, 610, 612 
Guanine, 672, 699, 701, 703 
Guard cells, of leaves, 71.5 
Guinea Green, 634 
Gum. 585, 589 
arable, 363, 387 
formation in gasoline, 653-656 
in enamels, 590 
mastic sol, 387, 390 
tragacanth, 612 
Gutta-pei cha, 593-595, 604 

H acid, 647 

Haber-Willstatter mechanism, 403 
Hair, yellowing, 744 
Halibut liver oil, 816 
Halo-acetic acidwS, and alcohol, 452 
Halogenated acids, 451, 452 
Hammcrscale, 583 

Hanovia lamp, 78. 79, 81, 129, 184, 837 (see 
also Mercury arc) 

Harmonic oscillator, 232. 233, 235 
Hatteck xenon lamp, 393 
Hatchability of eggs, 787, 788 
Hausmann numbers, 365 
Hay, 790, 817 
Hav fevtr, 776, 824 
Hcait, 733. 750, 760, 761, 862 
Heat of reaction, 245 

Heats of dissociation, 217, 235-237. 241, 243, 346, 
247 

Heavy writer, and plants, 882 
Hectograph pads, 645 
Heimsonne, Alpina. 132-134 
Heisenberg uncertainty principle, 236, 243 
Helianthine, 6.31 

Helianthrone, deiivatives, 506, 507 
Hehanthus nnnuus, 882 
Hclicm, 436 

Helioglass, 173-175, 181 
Heliotherapy, 733, 734, 770 

Helium, 27, 33, 138, 139, 144. 150, 151, 192, 

279, 280 

effects on various reactions, 273, 296, 327, 329 
Rematin, 622, 748, 750 

Hematoporphvnn, 263, 264, 671, 673, 678, 749, 

751. 852, 860-863, 865 
Hemin, 553. 685, 687, 749 
Hemochromogen, 690, 750 

Hemoglobin, 679, 680, 687, 688, 746, 748, 749. 

791 

Hemolysins, anli-sheep, 758 

llemolVsis, 669, 750, 860, 862, 864, 865 

Hemp, 613, 620, 645 

Hetnsalech coil, 41 

Henna, use as protective pigment, 861 
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Hepatofiliviil) 851 

Heptachlorocyclohexane carboxyl chloride, 547 
Hei>taiie, 394 
i»o, 530, 531 
Hcptylene, 394 
Heraeus lamp, 78, 147 
Heroine, 736 
Herpesi. 712, 769 
Herschel effect, 356, 380 
Herzbcrg bands, 294, 295 
Heteropolytungstic acids, 369 
Hexanxminccobaltic chloride, 368 
Hexachlorocyclohexane carboxyl chloride, 547 
Hexachlorodisilone, 64 
Hexad^^ylpyridinium bromide, 644 
Hexadiene tetraphenyl, 411 
Hexahexosan, 435 
Hexahydrobenzene, 211, 466 
Hexahydroethylbenzcne, 473 
Hexane, 182, 393, 394, 429 
chlorination, 526, 530 
nitration* 470 
Hexatungstic acid, 369 
Hexene, 536 
dimethyl, 461 

Hexosc, photosynthesis, 868, 870, 878 
phosphates, 432 
Hexosephosphatase, 818 
Hexuronic acid, 849 
Hexyl chloride, 531 
Hides, 650, 651 
Hisrh-frcquency field, 36 
Hiiger monochromator, 190 
spectrograph, 160 
Vitameterj 853 
H^pp^^ic acid, 672 

Histamine, 672, 673, 677, 733, 740, 741, 749, 759 
Histaxarin dimethyl ether raonoxime, 522 
Histidine, 672, 673, 676, 677, 703, 740, 741, 748, 
882 

HBhensonne lamp, 695 
Hofmann violet, 634 
Holviglass, 171, 173 
Homatropine, 658 
Homotropococaine, 436 
Hordmm seedlings, 888 
Hormones, 688-690 
Horn. 678 

Hospitals, ultraviolet sterilization in, 728-731 
Howland color photometer, 583 
Humidity, and dye fading, 636, 641, 642 
and meat tenderizing, 724 
and rayon deterioration, 621 
in accelerated paint tests, 577-579 
Humus, 350 
Hydaptoins, 518, 702 
Hydrastinine, 523 
Hydrastis, tincture, 658 
Hydrates, 437 

Hydrazine, 258, 318-323, 363 371 
Hydrazohmzene, formation, 500 
Hydrazones, jihototropy, 493 
Hydriodic acid (see Hydrogen iodide) 

Hydroa, 861 

Hydrobromic acid (see Hydrogen bromide) 
Hydrocarbons, aliphatic, 531 
aromatic, 466-469, 655 
chlorinated, stabilizing, 657 
cyclic, absorption spectra, 651 
formation. 64, 425, 437, 438, 448, 459, 460, 464 
fuels, 652 
in arc, 60 
liquid, 394, 531 
saturated, 393-395, 449, 529 
unsaturated, 393, 438, 449, 531, 533-538, 655 
Hydrocellulosc, 618 

Hydrochloric acid (see Hydrogen chloride and 
Hydrogen-chlorine combination) 
Hydrocmnamaldchyde, 473 
Hydrocinnamic acid, 340, 483, 548 
Hydrocyanic acid (see Hydrogen cyanide) 
Hydrogen. 144, 192, 211, 214, 279, 291, 345, 360, 
362, ,370, 393, 414, 440, 466, 471, 481, 614, 
615, 650, 652 
'^ctive, 37 


Hydrogen, and dyes. 633 
and ethylene reaction, 406-408 
and gutta-percha, irradiation, 594, 595 
and hemoglobin, 680 
and nitrogen, 318 
and paper, 619 
and rubber, 601 

atomic, 244, 283, 290, 301-305, 309, 310, 313, 
316-333, 438, 439, 472, 540, 560, 811, 877-879 
atoms, recombination, 163, 213, 319 
by operating carbon arc under water, 64 
-chlorine corabmation, 105, 205. 209-211, 213, 
218, 244, 246, 253, 255, 281-291, 302, 306, 
315 

discharge, 152, 156-162, 208, 270, 698 
dissociation, 163, 229, 231. 237, 272 
effects on various photoreactions, 296, 297, 315, 
316, 318, 321, 324, 327, 328, 332, 333, 357, 
358, 375, 385, 397, 400, 427, 460, 462. 534, 
537, 869 

formation, 339, 349, 396. 398. 399, 402, 406, 
416. 417, 420-422. 427, 431, 432, 438-440, 
448, 449. 451, 458, 461, 463, 465, 514, 864 
halides. 272-280 
in gasoline testing, 653, 654 
in metal-vapor lamps, 150 
ionization potential, 27 
ortho, 226 

oxidation. 250, 257, 258, 289, 299-305, 310 
para, 226 

reaction with ammo radical, 319, 321 
reaction with atomic chlorine, 316 
reaction with carbon dioxide, .308 
reaction with carhon monoxide, 310 
leaction with fluorine, 274 
reaction with iodine chloride, 280 
reaction with nitrous oxide, 325 
reaction with sulfur, 329 
resonance potential, 27 
reduction of sodium molybdate, 369 
spectra. 20-22, 33, 156, 162, lo3, 272 
-transferring coenryme, 688 
zero-point energy. 290 
Hvdtogen compounds 
azide, 323, 324. 384 

bromide. 413, 492, 498, 506, 508, 541, 542, 545, 
546. 550 

absorption spectrum, 275 
and isostilbene, 548 
photolysis. 211. 212, 272, 274, 275 
Photo^yntlu'sis, 214. 254, 275-280 
chloride, 187. 31 5, 346. 366, 369. 50R. 527, 5.28, 
530. 531, 537. 539, 544, 546, 548 
absorption spectrum, 239, 281, 343 
and potassium anlhraquinone sulfonate, 506 
and pyn'dinc, 518 
and quinine, 523 
dielectric constant, 239 

cflcct on Clo-sensitized chlorofoim oxidation, 
314 

formation, 394, 395, 400, 418, 440, 529, 532, 
550 

in reactions of amines, 497 
photolysis, 239, 272, 274, 275, 281 
synthesis (see Hydrogen-chlorine combination) 
cyanide, 62, 363, 4 51, 456, 458, 498, 875-877, 
891 

iodide, 249, 396, 520, 533 
absoiption spcctnmi, 156, 230, 272 
and methyl iodide, 397 
formation, 274, 400, 498, 595 
photolysis, 211, 212, 215, 255, 272-274, 342 
photnoxidation. 305 

peroxide, 346, 383, 407. 411, 433-435, 449, 556, 
629, 633, 649, 657, 673, 789, 864, 883 
absorption spectrum, 303, 304, 339, 341 
and adrenaline, 688, 689 

and carbohydrate photosynthesis, 868, 876-880 

and Chhrrlla, 875 

and cholesterol, 834 

and dyes, 616, 634 

and hemolysis, 865 

and insulin, 679 

and lethal action of ladiations, 695 
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Hydrogen peroxide (Continued) 
and milk irradiation* 7Z2, 840 
and pyridine, S19 
and silver sols, 388 
and soy bean od, 573 
blcacbing by, 618 
dissociation, 304, 339 
emission spectrum, 304 
formation, 299, 300, 302, 339, 604 
In actmometi'y. 341 

in carbon monoxide oxidation, 309, 310 
m forming metal sols, 387 
in sensitized oxidations, 258, 863 
in water photolysis, 299 
inhibitor of Eder reaction, 445 
oxidations by, 304, 418 

photolysis, 209, 253, 254, 267, 304, 30S, 339- 
341, 410 

reaction with hydroxyl radical, 340 
reaction with oxygen, 340 
sensituei for ethanol oxidation, 403 
Hydrogen sulfide, 354, 359, 367, 390, 407 
absorption spectrum, 329, 336, 355 
and plant pnotosyntnesis, 875 
and vitamin C, 848 
formation, 599, 623, 654 
in paint tests, S80 
photolysis. 329. 330, 355 
Hydroqumol, 509 

Hydroqumone. 356, 390, 421, 439, 604, 631, 688 
and polymerizations, 410, 595, 596 
formation, 482 

in vitamin D preparations, 833 
Uydroxamjc acici, 882 
Hydroxy acids, 440, 448-450 
Tlydroxyanthraqumone, 507 
Hydioxya/oben/enc, 470, 496, 499. 562 
Hydroxyazonaphthalene. 503 
Hydi oxylienzdic acid, 4<S0, 500, 546 
liydroxybiphenyl, sodium sulfonates, 743 
Hydioxychlorophyll. 878, 879 
Hydroxycholesterol, 792 
llydroxycumainic acid, 484 
Hydroxyilimcthylamline, 497 
Ilydioxvdroseume, 502 
H vdroxyisatojrenic acid, 482 
(Hydroxyethyl ) isoallox.innc, 852 
Hydroxyl ion, .ibsoiption spcctmm, 438 
radical, 299. .301. 302. 305, 397, 438, 139 
reactions of, 304, 305, 309, 340, 43H 
Hydroxylamine, 323, 371, 458, 877, 883 
Hydroxymcthylene camiihor, 515 
4-Hvdroxy'2 methyl- /V-phenvlmorpholiue. 612 
H ydroxynaphthaqunione, 502 
Hydroxynaphthylcrotonic acid, 503 
Hydroxynicotmic acid, 702 
Hvdroxy oleic acid, 553, 559 
Hydroxyphenarine, 522 
Hydioxyphenylenedtamine, 498 
Hydi oxyphenylpioprinolamme, 689 
Hydroxyproline, o72, 676 
llydroxyquinolinc sulfonic acids, 18.1 
1 1 ydroxystloxene, 333 
Tljdroxystearic acid, 560 
Hydroxy sty lylmethvl ketone, 489 
Hyperemia, 734, 741, 746 
Hypericum, photosensiti/cr, 861 
Hypertension, therapy, 774 
Hyperventilation, 7.53 
Hvpnone, 513 
Hypobromous acid, 455 
Hypochlorous acid, 307, 346, 618 
Hypoiodite, 343 
Hyponitrous acid, 350 
Hypophysis, 690, 790 

I llnmiiKiting sources, nature of, 15 
inulazoleacet;d<leh}’'de, 673 
rmidjirolylethyl alcohol, 673 
Inimodibutync acid, 455 
Immune sera, 706, 757-759 
Incandescent lamps, 152, 156 
Indanthrene Yellow 616. 633 
Tmlazolc. substituted, 743 
Tndene, 431, 517 


Indicators, fluorescent, 665 
Indigo, 616. 622, 633, 638 
Indigocarmine, 6M, 637, 640, 642 
Indigocarmine blue, 634 
Indigoaol, 632, 645^ 647 
Indium oxide, 360 

Indole derivatives, 517, 671, 74,1, 887 
Indones, 453, 492. 493, 517 
Indophcnol oxidase, 686 

Inductance, 91 . 

Induction coils, 40, 42, 76, 125, 136, 148, 149. 1S2 
Induction period, 205, 2S3, 255, 434, 441, 532, 540 
acrolein polymerization, 424 
alcohol-benaophenone reaction, 480 
carotene oxidation, 856 
chloroprene polymerization, 596 
cmnamic acid bromination, 486 
Eder reaction, 445 
fat oxidation, 840 

g um formation in gasoline, 655 
ydrogen-chlonne combination, 281, 285-286 
m plant photosynthesis, 871, 872, 877, 881 
in stereoisomenzations, 485, 518 
lactic acid photolysis, 449 
oxidatiotivS, 449, 627 
ozone photolysis, 297 
phosgene formation, 311, 313 
succinic acid-methylene blue reaction, 447 
tartaric acid bronimatioii, 541 
vitamin A photolysis, 855 
Indulant ulcers, 769 
Induline, 634 
Infections, 775, 825 
Inlluenza bacillus, 669, 750 
virus. 712, 731 

Infrared ladiations, 2, 6, 92, llS, 194, 381, 660 
absorptu.il, lo5, 220, 222, 224, 225, 235 
effects of, 208, 209, 255, 256, 734 
fiUeis, 178, 183 

in vitamin D pioduction, 828, 832, 840 
Inhibition ol leactions by light, 255 
Inhibitors. 214, 252, 253, 356, 357, 365 
henzaldehyde oxidation, 474 
chloroform chlorination, 533 
hemolysis, 862 

hjcliogen-chlorine combination, 283, 285, 287, 
302 

hydiogca peroxide photolysis, 340, 341 
ot polymci izations, 410 
Inks, 641. 644, 64 S, 648 
Inosine, 710 
Jnsolameter, 636 
Insulm. 079, 727, 751, 752 
Inulm, 430 
Iiitensimetei, 100 

hitcijsity, of light and reactions, 205, 206. 251, 
252 

Intcrcombination lines, 29 
Interfeioiiieter, 4, 5 
1 nterhalogen compounds, 280 
Intermediates, m reaction kinetics, 277 
TiiternipterSi 76, 77, 92, 154 
Inleslmal mucosa, villikinm, 689 
Intestine, effects on, 760 
Intiamolc'cular electrolysis^ 371 
Intramolecular migration of energy, 247, 248 
Invar, 74 

Inverse squ.ire law, 692, 771 
Invcrtase, 247 
lodafes, 343. 348, 617 

Iodide ton, 262-263, 337, 338. 342-344, 363 439 
681, 684 

lodi nation of paiuflins, 533 
Iodine, 187, 359, 371, 534, 550, 648, 680, 745 
absorption spectrum, 230, 235, 237, 272, 273 
actum of x-iavs on, 209 
and butene, 536 
ami catalase, 68S 
and formaldehyde photolysis, 422 
atoms, 254, 536, 537 
absorption, 231 
.and oxalate ion, 446 

excitation energy, 237-239, 272. 344, 373 
recombination, 273, 446, 536 
decolorized solution, 658 
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lodme, dissMKJiation, 27 S 

distribution, 689, 713, 7S9, 760, 777 
effects on nbotolyses, 399, S35, S36 
ejccited molecules, 274, 5^6, 537 
duoresccnce. 231, 272, 273 
formation, ^42-343, 396-400, 439. 440, 520, S54, 
629 

heat of diswsociation, 237 
in discharge tubes, 141 . ^ 

.photochemical oxidations, 249, 446, 849 
photoioniaation threshold, 269 
photosatsitmer, 484, 485, 491, S18, 522, 536, 
S$4, 5.74 

reaction with alcohols, 345, 538 
reaction with ferrocyanide, 363 
reaction with ferrous sulfate, 344, 345 
reaction with formates, 252, 344, 345, 440 
reaction with nitrites, 249, 344, 345, 351 
reaction with oxalates, 254, 344, 345, 445-447 
sorption on cotton, 615 
Iodine chloride, 280 
green, 634 
pentoxide, 399 
lodoacetic acid, 876 
lodoaniline, isodiaaotatc solution, 646 
lodobenaene. 246, 474 
Iodoform, absorption spectiuro, 395 
action of x-raya on, 209 
and cholesterol, 812 
oxidation, 253 
photolysis, 397, 400 
lodopropionic acid, 439 
lodopstn, 857 

lodopyridinecarboxylic acid, 520 
lodostarin, 554 

lodovinylacetylene, 415 

Ionisation, atoms, 26, 27, 31, 48, 230 
potentials, 27, 372, 379 
Ion -molecules, 237 
lonone, 855 

Indium compounds, 360, 415 
Iris, 164, 763 
Iron, 171, 173, 359, 415 
arc, 46, 47, 49, 50, 693 
chlorination catalyst, 534 ^ , 

compounds) and paper, 142, 619, 710 
corrosion. 661 

halides, m polymerizations, 411 
ions, 337, 678 
irradiated, 748 
plates, and aniline, 495 

salts, 360-362, 370, 403, 432, 448, 498, 727, 863 
spark apparatus, 38, 39, 152, 154 
spectrum, 23, 26 
Iron acetate, 441 

carbide, in carbon arc, 58 
carbonyls, 514, 545, 749 
chlorides, 514, 545, 749 
citrate, 441 
mercaptide, 465 
mercaptotncarbonyl, 465 
naphthenatc, 592 

oxalate, 441 . ^ 

oxides, 167, 171, 173, 508, 563, 583, 612 

porphyrin compound, 685 

succinate, 441 

tannin compound, 651 

tartrate, 441 

Irradiated air, and rickets, 788, 789 
cholesterol, 791, 826, 847 (see also Vitamin D) 
dried milk, 839 

crgosterol, 819, 820, 825, 831, 833, 834 (see 
also Vitamin D) 
milk, 789. 841, 844 
skin, and rickets, 779 
yeast, 789. 817 

Irradiation, and resistance to infections, 773, 825 
and rickets, 778, 779 
apparatus, with Idters, 184, 185 
lamps, for idiot wbemistry, 139 
of foodstufT^s, 788-790, 827 
of gas, 70 

processes, spectrographic control, 8s^3 
with restricted wave-lengths, 828 
J[j|atin, 633 


Isoalloxazitie derivatives, BS2 

fsoamyl chloride, chlorination, S27 

Isoamylamme, 264, 864 

Isolmtane, 421, 422, 526, S31, 532 

Isobutyl magnesium bromide, 464 

Isobutylidenecholestcrol, 817 

Isobutyric acid* S40 

Isochlorophylline, sensitizer, 451 

Isochromatic plates, 381 

Xsocinnamic acid, 484 

Isoci'otonio acid amides 455 

laocyanme dyes, 381 

Isodiazotates, 646 

Isoelectric point, 675, 676 

Isocrgosterol, 796, 797 

Isoeugenol, 469, 514 

Isobeptane, 530, 531 

Isonaphthazarin, 502 

Isopentane, 526, 527 

Isophotosantomc acid, 516 

Isophthalic acid, dihydro, 481 

Isoprene, 413, 514. 593-S9S 

Isopropanol, 357, 402-404, 476, 477, 480, 538 

Isopropenylmethyl ketone, 429 

Isopropyl alcohol (see Isopropanol) 

Isopropyl bromide, 399 
cyclopentanone, 5 1 6 
iodide, 396, 398 
Isopiilegol, 469 
Isopulegonc, 469 
Isopurpuric acid, 498 
Isopyrocalcifcrol, 810-812 
Isoquiuoline red, 264 
Isostflbene, 511, 548 
Isotopes, 217. 227 
Isouracil, 703 
Isovaler.'ildehydc, 422 
Issoglio test, 560 
Itaconic acid, 454 

Jams, sterilization, 722 

Japan wax, light absoiption, 586 

Jai*a-jara, 558 

lars, Lcydeoj 149, 154 

Jellies, sterilization, 722 

Tuglone, 680 

Jute, 613, 618 


Kala-azar, 777 
Kalicrein, 691 
Kaolin suspensions, 391 
Kaposi^s disease, 861 
Kauri p^um, 585 
varnish fdm, 587 
Keratin, 651, 678, 679 
Keratoses, 766 
Kerosene, 533, 653 
Ketene. 428, 430, 431, 440 
Keto acids. 393, 451, 562 

7-Ketocholcsteryl acetate, provitamins from, 817 
4-Keto-A^-ethylphcnazine, 522 
Ketogluconic acid, 451 
Ketohydroxystearic acid, 574 
Ketoketenes, 430 

Ketone, 393, 464. 476-478, 500, 547 
absorption spectia, 415, 416, 425 
diethyl, 341, 421, 428 
diisoxazole, 517 
dimethyl, 341 
diphenyl, 595 
dipropyl, 429 
formation, 450, 657 
-furfural resins, 585 
isopropcnylmethyl, 429 
raethylbuly), 421, 429 
metbylethyl, 341. 421, 429 
metliyhsobiityl, and antsaldehyde, 494 
methylpropv), 429 
nitrophenylethyl, 478 
phenyl naplnhjd, 477 
propenylmethyl, 429 
photolysis, 421, 425-431 
reactions with alcohols, 403, 404, 517 
slyryl, 489, 493, 494 
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S-Keto-A/'-methylphcttazinc, S22 
Ketopeatose, frotti formjildehydk, 867 
Ketovj^lenc acid, 451 
Ketoses, 432, $69 
Khaki, 615 

Kidneys, 818, 820. 822 

KicselKuhr, 867. 870 

Kiton Red, 628 

Knop’s solution, 887 

Koji extract, fermentation, 709 

“Kpjic acid,” 630 

Kraft, sulfate, 618 

Kromayer lamp, 57, 126, 127, 735, 744, 769, 770, 
797 

Kreis test, 559, 560 
Kryptocyamne, 381 


Labarc, 80, 161 ^ 

Larhesis lanceolatus, toxin, 691 
Lacquers, 410, 585, 591 
accelerated weathering tests, 586, 587, 590 
chlorinated rubber, 611, 612 
nitrocellulose, 562, 576, 580, 587 
Lactalbumin, 83 9-84 1 
Lactation, effect* of irradiation, 836 
Lactic acid, 436, 448-450, 540, 672, 742, 752, 753, 
764 

acrylic ester, polymer, 456 
phenyl. 477, 478, 540 
Lactic aldehyde, 518 
Lactoflavm, 563, 848, 8SL 852 
Lactose. 432, 433, 435, sh, 711 
nitrobenzylidene acetal, 472 
Lakes, 590, 643 
Latnliert’s law, 206 
Laminated glass, 411 
Lampblack, 583, 659 
Tramps (sec also Mercury arc) 
antimony, 148 
bismuth, 148 
hulbular, 132 
cadmium, 148-150 
cathode-ray bombardment, 152, 156 
dental, 141 
fluorescent, 142, 152 
for black light, 179 
for exciting luminous paints. 583 
gaseous conduction, 13 3 
glow, 132, 138-141 
incandescent, 152 
lead, 148 
Ma/da CX, 143 
meicury discharge, 131-142 
metal vapor, detei ioiation, 150 
Osram, 68, 175, 539, 640 
Philips, 139 

positive column, 132, 139 
selenium, 148 
Solhix. 580 

sun, 111, 129, 134, 141, 143-146, 561, 738, 887 
tellurium, 148 

therapy, 97, 132-134, 138, 139 
tubular, 132 
tungsten, 156, 173 
Uviol, 108, 114, 182 
xenon, 151, 300, 308, 393 
zinc, 148-150 

Lanolm, 563, 743, 792, 813 
Lanthanum compounds, 142 
Lard. 556, 559, 789 
Laivae, 718, 765, 766 
Latent image, 373, 374. 376-381 
Latex, 593, 594. 596. 597 
Lattice, crystal, 372-374, 385 
Lauth’s violet, 263, 631 
Lavender oil, 513 
Lr.ad, 150, 172, 464, 661 
and fatty acids, 554 
driers, 572, 573 
excretion, 760, 825 
glass, 165 
mn. 377 
lamp, 158 
poisoning, 825 

reduction scale, pigment, 583 


Lead, seals, for mercury arc, 74, 75, 80 
sols, 386 
spark. 155 
Lead ahietate, 558 

acetate, 184, 613, 616, 726 ‘ 

arsenite, 358, 359 
carbonates, 577, .583 
chromates, 391, 008, 615, 616 
hydroxide. 386 
oxide, 168, 360, 481, 630 
peroxide, 253, 341 
phthalatc, 481 
picrate, 354 
tetraethyl, 464, 657 
tetrametbyl, photolysis, 464 
tetraphenyl, photolysis, 464 
Leather, 293. 645. 650, 651 
Leaves, plant, 498, 71 S, 866, 886 
Lecithin, 669, 750, 766. 834 
Leg weakness, 202, 782, 786. 787, 813, 814 
Lemon juice, reducing agent, 849 
oil, 513 

Lens, of eye, 164, 762-t64 
Lentil seeds. 716, 885 
Lepidine, 508, 521 

Lethal action, of ultraviolet rays, 193, 247, 692*707, 
716 

Lettuce, irradiated, 830, 889 
Leucine, 671 

Lcucobases, of triphenylmetbane dyes, 627, 628 
f^eucocytes, 746-748. 751, 756, 759 
Lcueomcthylene blue, 263, 264, 630, 631 
Levulinic acid, light absorption, 451 
I^evulose. 432, 433 
Leyden jars, 149, 154, 292 
Licanic acid, 574 
Liebermann's polyester, 484 
Liesegang rings, 391, 392 
Light, as inhibitor of reactions, 255 
as limiting factor in photosynthesis, 873 
complex, additivitv of effects, 442 
nature of, 2, 3. 4, 6 
polarized, 4, 435, 442, 882 
Light-fastness of dyes, 634-642 
Lighting, fluorescent, 142 
Light-stroke, 860 
Lignin, 550, 617, 620 
Umax flavus, embryos, 718 
Lime, 168, 169, 171, 172, 179 
Lime blossoms, 657 

Linen, 188, 205, 615, 618, 620, 645, 646 
Lines, Balmer, 156, 163 
enhanced, 32, 33 
forbidden, 92 

intensities and origins, 106 
intercombination, 29 
mercury, 65, 67, 92, 115, 116, 188 
physical isolation, 189, 190 
resonance, 136, 137, 141, 150, 151 
reversed, 109, 110, 152 
•ipectral, wid^ of, 243 
Lmolcic acid,' 553, 554, 558, 564, 567 
Lmolenic acid, 553, 554, 567, S70 
Linoleum, 573, 574, 727 
Linolic acid, 570 
Linseed oil, 557, 565, 613, 650 
absorption spectrum, 555, 568-571 
and hthopone blackening, 386 
bleaching, S68, 573 
hrominution, 567-569 
drying, 567-570, 572, 574 
in sterilization, 727 
irradiated, 789 
oxidation, 558, 559, 569 
products from, 573 
Lipase, 680, 683, 742, 756 
Lipid phosphorus, in cancer tissue, 766 
Lipids, 669, 670, 727, 883, 887 
Lipochrome, 559 

Lipoid peroxide, in plant photosynthesis, 876 
Liquids, photoreactions in, 335*336 
Litharge, in rubber, 610 
Lithion carmine, 634 
Lithium bromide, 239, 344 
carbonate, 172 
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Litliii 4 T« chloride, Z9Q, 681 
fluoride, pTi$ms, 7 
hsdideB, 239 
iodide, 239. 372. 373 
nitrate, 479 

Lithographic inks, testintj:, 641 
Lithol red, barium salt, 643 
Litho^ones, 575, 590, 600, 743 
actmometcr, 104, 105 
and vulcanization, 599 
blackening, 384*386, 580 
in rubber, 610 
light absorption, 582, 583 
paints, accelerated tests, 577, 580 
photoconductivity, 385 
Liver, beef^ antirachitic substance, 817 
calciflcation, 820 
catalase, 685, 756 
extracts, 630, 686 
glycckgen, 753 
inorganic phosphorus, 818 
of irradiated animals, 789 
oil, absorption spectrum, 854 
oxygen consumption, 825, 826 
Locke's glass, 174, 175 
Lovibond scale, 165, 642 
Lubricating oil, 557, 652, 653 
Lumichroine, 851, 852 
Lumiflavin, 851, 853 
Luminescence, 265, 375, 559 

analysis (see Fluorescence analysis) 

Lumisterol, 807-812, 816 
Lupus, 742^ 769 
Lj-man region, 7 
series, 21, 22 
Lymph, 751 
Lymphocytosis, 746 
LjTTiphoid tissue, 759 
Lymphopenia, 746 
Ly.sin, 759 

Lysine, liberation of ammonia, 672, 677 
Lysis, of irradiated cells, 704 

K^ace oil, absoiption spectrum, 513 
Macronuclei, 703 
Macrosporium fomaio, 711 
Madder lakes, 590 
Magenta, 634, 642 

Magnalium mirror, in discharge tube. 142 
Magnesia, 168, 360, 582, 583 
Magnesium, 171, 760 

Magnesium carbonate, 176, 583, 609, 868, 869, 878 
chloride, 361, 704 
discharge lamps, 141, 142 
flashes, 290 
glass, 170 

hydroxyazonaphtbaienedisulfonate. $02 
in blood, 754 
m plants, 889 

lines, teraperature classification, 26 

nitronaphtnalenesulfonic acid, 502 

of skin, 742 

peroxide, 573 

phosphates, 172 

reeinates, 585 

spark, 795, 797-799, 801, 808, 816, 834 
sulfate, 440, 890 
underwater spark, 155 
Magnetic susceptibility, 294 
Mahua oil, oxidation, 559 
Maize oil, 560, 563 

Malachite green, 265, 350, 498, 592, 595, 627- 
629, 634, 639, 868, 869 
Malaria, 776 

Maleic acid, 211, 407, 412, 4 52-454, 455, 457, 
541. 621 

anhydride, 453, 806, 834 
Maleonitrile, 457 

Malic acid, 361, 445, 518, 660, 672, 764, 884. 891 
Malonic acid, 440, 441, 447, 523 
anhydride, 447 

, Malpighian layer, of skin, 734. 735 
Malt'.ngar medium, irradiation, 708 
681, 682, 722 


Maltase, 681 
Maltoflavin, 851 
Maltose. 432-434, 436 
Mammary glands, irradiation, 754 
Mandelic acid, 448-450, 481, 540 
Manganese, abietate, SS8 
and cotton, 617 
and fatty acids, 554 
and lithopone blackening, 385 
cations, absorption spectia, 337 
chloride, 434, 456, 545, 870 
complex cyanide, 363 
driers, 572 
in carbon arc, 57 
m glass, 168, 176 
m plants, 889 

lines, temperature classification, 26 
oxides, 165-167, 171, 176, 863 
salts, 187, 353, 370, 409. 498, 727 
sulfate, 364 

Manganic hydroxide, 363 
Manila resin, 585 
Mannitol, 383, 403, 472 
Mannose, 432, 472, 883 
Margarine, 556 

Marine organisms, irradiation of, 717, 718 
Mass, action and photochemistry, 206 
reduced, 224 
spectograph, 227 
Mastitis, 777 

Material, selvedge -resistant, 621 
ultra violet -transmitting, 172*176 
Maxwell-Boltzmann law, 245 
Mazda lamps, 143, 889 
Mead, aging, 660 
Meadow-lane, transmission by, 188 
Meal worm chrysalids. 744 
Mean critical tone, of dyes, 635 
Meat industry, ultraviolet radiation in, 724 
Mechanism, of photochemical processes, 205-216 
Media, bacteriologic, 694, 69 5 j 698. 712, 716 
Medicinal products, sterilization, 725-728 
Meescmaeckcr reaction, 796 
Melanin, 67], 684, 739, 740, 890 
formation, 671, 684 
Melanoblasts, 671 
Melesitose, hydrolysis, 435 
Mellon Institute, air pollution studies at, 98 
Membranes, collodion-lecithin, 669 
formation by eggs, 717 
Menhaden oil, diving, 574 
Meningococcus, 696 
Menthol, and acetone, 514 
Mcnthyl dcuvatives. 404, 453, 74 3 
Mercaptans, 463, 654 
Mcrcaptidcs, in peti oleum products, 652 
Mercaptobenzothiazole, 600, 605 
Mercer ir at ion, 616 
Mercuric acetate, 541 
bromide, 455 

chloride, 205, 267, .366, 367, 371, 444, 445, 705 
iodide, 367, 391, 812 
nitrate, 364 

oxide, 302, 367, 371, 502, 630, 883 
sulfate, 439 
sulfide, 384, 391 
Mercurochrome, 658 
Mercurous bromide, 105 
chloride, 105 
iodide, 399 
nitrate, 455 
sulfate, 367 

Mercury arc, abnormal, 82 
absorption by mercury within, 107, 109, 110, 11 ii, 
117, 118, 121, 124, 132, 136, 141, 144 
accessories, 81 

alternating current operation, 91, 92 
aging, 100, 102, 104, 117, 127-130 
anode processes in, 81, 85 
anodes, 73, 74, 80 
as polariscope source, 68 
as radiation standard, 99, 100 
carbon anode, 74 

cathode procc.sse.s in, 32, 79, 81-83, 93 
cleanup of mercury in, 84 
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Mercury arc, coramercial, 72, 78 
constricted, 64, 65, 68, 84, 87, 88, 115, 119*124. 
129 130 190 

Cooper^fowitt. 100, 107-114, 131, 143, 150, 158, 
693, 789 

deposits in, 129, 130 

distribution of mercury in, 73, 75, 78-80, 84 
effect of arc current, 84, 106, 108, 114, 115*117 
effect on glass, 175, 176 

effects of irradiation by, 615, 650, 681, 682, 694, 
696, 701, 731, 734. 744, 745, 748, 770, 778, 
779. 784, 787, 824 
effect of pressure on, 77, 84 
effect of temperature on, 86-89, 117 
electrical characteristics, 79, 81. 84-90 
electrodes, 73, 74, 80, 133, 137 
electromagnetic deflection of, 118, 119, 122 
explosion of, 124 
Fischer, 69 
for 3650 A., 179 

for forming ozone, 68, 69, 292, 293 

for photochemistry, 68-73 

General Electric Vapor Lamp Co, 131 

green line, 177, 178 

Hanovia, 79, 129 

Heraeus, 78, 147 

high prcssiitc, 68, 72, 78, 80, 81, 84 

history of, 6,5, 66 

Hulburt, 72 

instability, 77, 87-90 

iiim anode, 69, 75 

K B B., 104 

Kromayer, 57, 126, 127, 735, 744, 769, 770, 797 

Labarc, 80, 161 

laboratory-built, 68-72 

leads, 74, 75, 78-80 

low iiressure, 80. 81, 86, 87 

measurement of line intensitie.s, 103 

molybdenum tn, 79, 80, 83 

opeiated on lighlnig circuit, 75 

pole vessels, 79 

n^ressurc m, 77, 79, 80, 84, 87, 94 

Pyrex windows, 72 

radiating fins, 73, 79 

regulation, 88-90 

resistance foi, 81 

R.TT.V, 107 

seals, 72, 74. 75, 80 

spectral energy distiibution, ‘’.4, 77, 78, 87, 94- 
97, 106-117, 141, 157, 195 
starting, 68, 69, 73, 74-77, 79, 91, 92 ^ 
strengthening, 78 

temperature of electrodes, 73. 74, 78 80 

theory, 81-95 

tungsten anode, 79, 80 

uses, biological. 71-73, 81, 771 

uses, industrial, 578, 580, 581, 607, 618, 635. 

636, 638-640, 643, 656, 719, 720, 723, 799 
Uviarc, 80. 81, 85-87, 89, 92, 100, 117, 129, 
1,34-137, 174, 175 

variation of output after striking, 116, 117 
Victor, 701 

water-cooled. 73, 78, 80, 86-89, 124-127 
Weigert, 71 

Mercury-argon discharge, for milk irradiation, 840 
Mercury, attempted conversion to gold, 366 
cathode, irradiated, 339 
compounds, 142. 268, 367 
dimethyl, photolysis, 464 

discharge lamps, 131-142, 654, 655, 723, 842 

effect on sulfur dioxide photolysKS, 330 

emission bandSj 93, 94, 95 

energy-lcvd diagram, 27-29, 92 

excited, 93, 231. 257, 258. 295, 303 

formation, 464 

fluorescence quenching, 257 

fulminate, 367. 463 

glow discharge, 93 

halides, 367 

hydride bands in S-1 sunlamp, 144 

interrunter, 154 

ionization potential, 27 

isotopes, 237 

lines. 28, 92. 93, 144, 146 

metastable, 92, 93, 257, 258, 322 


Mercury, molecule, 95 
nitrate, 353 

oxide, and cboleetcrol, 812 

phthalate, 481 ^ ^ 

purification, 124 

reaction with methyl iodide, 399 
reasonance lines, 8, 27, 29, 92, 117-124, 127, 
257 800 829 

sensitization fiy, 257, 258, 301, 304, 305, 466 
siilfldes, 367 
toxicity, 124 
-vapor arc, 65-97 
Mesaconic acid, methyl, 456 
Mesidiae, 647 
Mcsitylene, oxidation, 468 
Mesityl oxide, 429, 461, 494 
Mesophyll, in irradiated plants, 715 
Metabolism, basal, 744-746, 825, 826 
carbohydrate. 751-753 
Meta! carbonyls, 464 
Metaldehyde, 418 
Metals, and fatty acids, 554 
and ergosterol, 832 
and lacquer yellowing^ 592 
and lithopone blackening, 384, 385 
and stability of trinitrotoluene, 472 
bonding with rubber, 611 
corrosion, 661 
deposition, 359 
irradiated, 563, 728 
in liquid ammonia, photoreaction, 349 
m plant photosynthesis, 878 
oxides, 58, 472 

particles, m preservative wrappers, 562 
salts, as photosensitizers, 862 
sols, preparation, 386, 387 
vai>or arcs, non-mcrcury, 147-151 
Mctastable st.itc, mercury, 92, 93 
Metastases, of sarcoma, 766 
Metastyrene, 488 
Metatungstic acid, 369 
Meter, ultraviolet, 97-100 
Methacrylates, polymerization, 584 
Methane, absorption .spectrum, 393, ,'^94 
chlorination, 395, 526-529, 532, 533 
chlorme-sensitized oxidation, 394, 395 
decomposition by spaiks, 45 
diiodo, 400 

effect on ethyl diazoacetate photoly.sis, 460 
formation, 258, 394, 396-398, 407. 416, 418, 420, 
425, 427, 428, 431-433, 438, 448, 458, 459, 
461, 464, 480 
phololj'sis, 240, 39^ 
reaction with acetylene, 415 
reaction with lodme chloride, 280 
sensitized reaction with deuterium, 394 
Methanol, 433, 439, 455, 533, 882 
afisoTption spectrum, 401, 402 
formation, 397, 433 
oxidation, 402, 404 
photolysis, 231, 402 
removal of metal carbonyls, 464 
Methemoglobin, 680, 863 
Mcthoxyaniline, 497, 498 
Methoxybenzophenone, 477 
Methoxybcnzoylacrylic estels, 491 
Methoxycinnamic acid, 483, 487 
Methoxycinnamylideneacetic acid, 485 
Methoxyethoxy sal icyl aldehyde, nitration product, 
476 

Methoxymiethylphthalatc, 592 

Methoxyl ^roup, effect on coumaric acid transfor- 
mation, 488 
Methoxyquinolinc, 521 

Methoxy, phenyl fluorent'thioglycolUc acid, 511 
Methyl acetate, and sulfite oxidation, 356 
Methylacetylene, polymerization, 415 
Methylacrylonitiile, polymerization, 457 
Methylal, 397, 416 
Methyl alcohol ('*ee Methanol) 

Methylalloxazine, 852 
Methylamine, 322, 408, 458, 522, 523, 883 
2-Methyl-5-aminopyndine, 520 
Mcthylanisylacrylic acid, 491 
Methylanthracene, SOS, 509 
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Metl»j>’lanthrahydroqtlinol carboxylic lactone, 507 
Methylanthra^umones, 506, 617 
Met!bylarbutilfi> 436 
Methylazaxybeozene, A^6 
Methyl benaalpyruvatc, 491, 492 
Methyl hCnzoate, 340, 480 
Methylbetiisophenone, 477 
Methylbenaoylacrylate, 491, 492 

3- Methyl-6,7*bcttas6ylene*ben*af»yrrole, 518 
Methyb4“ben2yHdenc-3‘nielhylhydantom- 1 -acetate, 

518 

Methylbenzy! oxide, 595 
Methyl bromide, 395, 396 

Methyl brotno'5-bromo-2,4-climethoxybeiuoylacryI- 
Ate, 491 

Methylbutvl ketone, 421, 429 

Methylchalcone, 490 

Methyl chloride, 394-396, 526-529, 532 

Methyl chlorofornxate, S39 

Methyl chloromethylsulfate, formation, 538 

Methylcholanthrene, 765 

Methyl cholate, 670, 817 

Methylcinnamtde, 484 

Methylcoumarlc acid, 488 

Methyl cyanide, dissociation. 231 

Methylcyclohexanone, 516 

Mcthylcyclopentanone, 516 

4- MethyI-2,6-diani8al-i-cyclohexanone, 517 
Methyidihydrochalcone, semicarbazone, 491 
Methyl diphenylmaleate, 454 
Methylene liminoacetonitrile, 612 

Methylene blue, 182, 259, 265. 599, 629-631, 633, 
686 

and chlorophyll, 873 
and irradiated skin, 742 
and oxidation of oils, 558 
and plasma oxidation, 678 
and rubber gelation, 595 
and textiles, 614, 61/ 
and vaccine virus, 712, 713 
bleaching, 263, 630, 640 
filter, 744 

in actinometry, 102, 103, 105 
oxidation of mandelic acid, 449, 450, 481 
reduction by ascorbic acid, 849 
reduction by milk. 761, 762 
reduction by pyruvic acid, 4 51 
sensitizer, 498, 862 
-succinic acid reaction, 447 
Methylene chloride, 394-396, 528 
Methylenedioxychalcone, 490 
Mcthylenedioxy-jyw-aldoxirac, 494 
Methylene green, actinometef, 105 
iodide, 398. 399 
radicals, 430 

Methylcne-^-toluidine, 610 
Methylene violet, 265, 629 
Methylethylcarbinol, 404 
Methyl ethylene, formation, 429 
Methylethyl ketone. 421. 429 
Methyl formate, 439, 539 
Methylfluorene, 490 
Methyl fumarate, 455 

Methylgalactose, nitrobenzylideiie acetal, 472 
Methyl halides, 440 

2-Methyl-3-bydroxy-4,5-di (hydroxymethyl )-pyri- 
dme, 850 

Methylindigo, 616 
Methylindole, 517 
Methyl iodide, 244, 246, 395-399 
Methylisatin, 616 
9-Methyl isoalloxazirie, 852 
Methyl Tsobutyl ketone, 494 
Methyl isoni opyl acetaldehyde, 809 
Methyl-'V-Ketopcntridietiedicarboxylate, 489 
Methyl lain ate, oxidation, 559 
Mclhvl maleate, 455 
Methyl mercuric iodide, formal urn, 399 
Mctbylinesacoiuo acid. 456 
Meihyl methaci ylale, 584, 596 
Methyl (4-methylpbenyl ) (/»-ethylphenvl)ti imethyl- 
methane, 267 

Methylnaphthaquinone, 502 
JMetbylnaphthoxazale, 743 
Mtethylnaphthopyvone, 502, 503 


Methylnaphtboyl chloride, 549 
Methyl nitrite, pliotolvsis, 460, 461 
o-Metnyl-3-nitro-4-methoxybcnzaldoxlme, 494 
Methyl-o-nitro-o^etboxycmnamttte, 483 
o-Methyb6-nitro-3,4-metiiylenedioxyben3fcaldoxime, 
494 

Methyl orange, 382, 622, 868 
Methyl oxalate, 340 
Mcthylphenazonium salts, S22 
Methyl phcnoxybenzoylacrylate, 491 
lO*Mcthyl-9-phenylanthracene, photobxide, 508 
Methylphenylglyoxirae, 461 
Methyl pbenylmdone, 493, 517 
Mcthylphenyltetrachioroarsine, 549 
2-Methyl-l, 3 -propane diol, 833 
Mcthylpropyl ketone, formation, 429 
Mcthylpyridmes, 519 
Methylpyndones, 261 

Methylpyndmium salt of 1,8-nitroiiaphthalenesul- 
tonic acid, S02 

Methyl radical, 393, 397, 398, 417. 420, 421, 427- 
430, 438, 459, 460, 464. 539 
Methyl red, chlorophyll -sensitized reduction, 625, 
626 

Methyl salicylate, 481 
Methyl stearate, Ml 

Methylstyryl ketone, semicarbazonc, 494 
Methyl sulfate, 538 
Methyl Iruxillate, 484 
Methyl violet, 179, 259, 260, 634, 639, 640 
Methyl umbetHferone, 621 
Methyluiacil, 698 
Mica, filterSf 188, 694 
Mice, sensitization to light, 751, 8b0 
Micelles, silver, 383 
Michler's ketone, 477, 629 
diethylmercaptol, 626 
Micioscope, fluorescence, 65 1, 665 
Migration, electi opboretic, 387, 388 
in N-substituterf arnine<*, 496, 497 
of () atom from nitro group, 471, 472, 474-176, 
516 

Milk, and methylene blue, 761, 762 
antienzymes, 840 

destruction of vitamins of, 848, 854 
flavin assay, 852 
lilm capaciti, 841, 844. 840 
flavor, 563, 829 

irradiation, 721. 761, 785, 789, 793, 827, 829, 
831, 835-846 

oxjdatlbn-reduf’tion potentials, 761, 762, 849 
protection from light, 563 
provitamin content, 841 
secretion, 761. 785, 836 
steiilization, 721, 722 
xanthine oxitlase of, 686 
Millimicron, 5 

Mineral oil, SS5, 600, 610, 619, 651, 652, 727, 
743, 789 
rubber, 610 

MmeralvS, fluorescence, 178, 664 
spark spectra, 42 

Mint tablets, accelerated testing, 513 
Mirror test, atomic hydrogen, 429, 4,18, 4.19 
Mitogenetic rays. 101, 150, 767, 768 
AIttosis, distribution of nucleic acid, 704 
Mohair, fluoiescence, 645 
Moisture, and Rudde effect, 282 
and cotton deterioration, 614 
and textiles, 613 

effect on hydrogen-oxygen combination, 299 
Molds, irradiation, 659, 694, 711, 723, 724, 828, 
831, 838 

Molecular electrolvsis, 259. 260, 339 
Molecular orientation, and tibotoreactions, 265 
spectr.i, 217 328, 230, 231, 234, 235 
Molecules, anlisynimelnr.il, 226 
Molecules, diatomic, band spectra, 218-223, 230 
excited, 212, 214 316. 218, 226, 229, 242. 251, 
262, 264 

hetefopolar, 221, 237 240 
homopolar, 221, 222, 224. 226-240 
polyatomic, 231, 241, 244 
symmetricjil, 221, 226 
‘‘Moleoxides,’* of oils, 558 
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Molybdenttm, SS, 74, 79, 86. 83, 349, 369 

chioride^f M5 
oxides^ 152, 244, 354 
spark, 154 

“MolybdenutJi indigo/’ 244 
Molybdic acid sol, 369 
Moment of inertia, 222, 225, 227 
Momtda ^stuhsa, essential oil, 513 
Monoalkymalonic acids, 447 
Monobromobenaene, 543 
Monobromometbyl anth raquinones , 506 
Monobromophenylcyclopropane‘l,2-dicarboxylic 
acid, 541 

Monobromopinacolone, 539 
Monobutyiin, 436 

MonocWoracetic acid, 104, 401, 451, 453, 540, 594 
Monoohlorocineole, 550 
Monochlorohexamcthylene, 531 
Monocblorohydrocarbons, 531 
Monochloraisoheptancj 530, 53 1 
Monochlorometbane, 529 
M onoCWoromCthylanthraqumonc, 506 
Monochloropinacolonc, 538, 539 
Monochromators, 96. 190, 696, 782, 800, 808 
Monodehydrochlorophyll, 878 
Monoiodopentachlorobcnzene, 544 
Monomolccular films, proteins, 676, 677 
M onon itrometh yl anth raq uinoncs, 506 
Montan wax, m rubber, 610 
Mordant, copper compoxtnds, 645 
dyes, fading, 635, 642 
Morphine, 525. 726, 741 
Mosquito larvae, 765 
Mother-of-pearl, 165 
Mt. Wilson, solar energy at, 199 
Muconic acid, 484 

Multiplicity, m spectral senes, 24, 25 
of molecular states, 225, 226 
Multiplcts, 24 

“Multiple-hit-to-kiU” i elation, 705, 707, 708 
Muscle, 753, 760, 761, 818, 820, 862 
Mushiooms, irradiated, 831 
Mustard, 886 
Mustard oil, 513, 559 

Mutarotation, and circularly polarired light, 435 
Myccha, of fungi, 711, 889 
Myhus reaction, 670 

Nainsook, 189 
Naia tripudians, toxin, 691 
Nakagawa reaction, of bile acids, 609 
N aphthacenes, 509-5 1 1 
Naphthadianlhrone, dimethoxy, 507 
Naphtha dyes, 643 

Naphthalene, 181, 414, 469, 47l, 501-503, 507, 
508, 549, 591 

/5-Naphthaienea70~j8"Ua}>hthol, 503 
Naphthalene, azoxv, 493 
blue, 634 
chloro, 549 
diamino, 497 

l,5-diben7oyl-2,6-diraethyl, 549 
N aphthal ene, 1 , 5 -d i ( o-chl or oben zo yl ) , 549 
diazonium chloride, 625 
nitro derivatives, 501 
/9-tetrachloro-«-keto, 493 
tetrabydro, 613 
Naphthaquinoncs, 502 
Naphthenes, 655 
Naphthionic acid, 382 
Naphthobia nth rone, 506 
Naphthol, 469, 471, 646, 659, 863 
acyl derivatives, 647 
dyes, 634 
Cireen, 632, 634 

sulfonic acids, 382, 390, 643, 743 
Yellow, 643 ^ 

Naphthophenaziiie, 626 
Naphthoquinone, 507, 603 
Naphthoxazole, methyl, 743 
Naphthoyl chloride, 2-methyl, 549 
Naphthylaldehyde-l-carboxylic acid, 549 
Naphthylamine, 382, 497, 515, 519, 575, 646 
Naphthyl amine sulfonic acids, 382 
Naphthylaminocamphor, 268, 515 


Naphthyl iminocamphor. 516 

Narcotics, and plant photosynthesis, 875, 876 

Narcotme, 849 

N.'itural gas, cblwnation, 526-528 

Natural Green, o38 

Naval powders, 462 

Ncciobiotic rays, 768 

Negative branch, 223 

Negative glow, 30, 31, 132, 138*140 

Nencki’s hematopoiphyrin, 751 

Neoarspbenaminc, 759, 776 

Neocyanme, 381 

Neodymium oxide, 19, 178 

Neolan Green, 640, 642 

Neon, 27, 136, l38, 144 

Neon-argon discharge tube, 722 

Neoplasms, 766 

Neoprene, fluorescence, 601 

Ncimt glower, 34 

Nerves, 733, 862 

Nervous control, effects of irradiation, 734, 740, 
746 

Neutral red, 631 

New Brunswick, solar energy at, 195 
“Newglass,’' 175 

New Orleans, solar radiation at, 202 
Newsprint, 619 

Nickel, 166, 168, 169. 334, 415 
cations, absorption spectra, 337 
electrodes, 331, 138, 160, 161 
in corcd-carbon arc, 55 
leads for mercury arc, 78, 79 
lines, 26, 238 
rods, 148 

salts, 187, 359, 370, 409 
sensitizer, 265, 354, 554, 617, 832 
sjpstrlc^ 1S4 

Nickel carbonate, 268, 869, 870 
carbonvls, 331, 333, 334, 465 
chloride, 187 
hydroxide, 368 

oxide, 132, 179, 368, 663, 685, 870 
.sulfate, 186, 359 
Nicol prism, 270 
Nicotine, 521-523, 883 
Nicotinea fjluUnostt, 7\2 
Nicotinic acid, 523, 703, 850 
Night blindness, 858 
Nigrosin, 634 

Nile blue, 264, 498. 631, 634 
Ninhydrin. and wool, 622 
Nitra lamp, 580, 703 
Nitianiline, 497, 558 

Nitrate ion, election -affinity spectrum, 337 
photolysis, 211 

reduction, 102, 104. 259, 3.53, 354 
Nitrates, 102, 171, 193, 322, 350-353, 523, 883 
Nitrations, 469, 470 
Nitre. 165 

Nitric acid, 193. 351, 352, 407, 469, 479, 518 
Nitric oxide, absoiption spectrum, 160, 324, 325, 
326 

and aldehyde photolysis, 421, 423 
and dyes, 633 

effect on vaiious photolyses, 326, 327, 460, 464 
formation, 51, 304, 351, 364, 461, 462, 475 
inhibitor of hydrogen-chlorine combination, 285 
photoionization threshold, 269 
photolysis, 325, 326 
teaction with carbon monoxide, 310 
reaction with cyanogen, 58 
Nitrides, 58, 139 
Nitriles, 458 

Nitrites, absorption spectrum, 351, 461 
and formaldehyde. 882 
and hydrogen peroxide photolysis, 341 
formation, 259, 322, 350, 352, 458, 523, 869, 
883 

in atmosphere, 193 
in soil, 350, 351 

Nitritoammine cobalt compounds, 368 
Nitrofimines, and textiles, 499 
2-Nitro-4-amino-«-naphthol-7“8u1fonic acid, 643 
Nitroamnnne cobaltic chloride, hydrolysis, 368 
Nitroanilines, 495, 519 
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Nitraanisole, 593 

Nttroanthr««:ene sttlfoaic acids* 502 
Nttroanthraquimtonesulfonic acids* 506 
NUrobenzaMehydc* 472, 474-476 
NitrobenzaJdoximcs, metiiyl ether, 493. 494 
N itrobenssalpcntacrythrito-l -spiran, 5 lo 
Nitrobenaerte, IBS. 467, 4S2, 496, SlO, 592 
Nftrohenzenedisumde, SOI 
Nitrobenzenesnlfonic acids, 501 
N itrobenzcdijncthylamidoxime, 494 
tt-p-Zj-Nitrobenzyl ethers, o£ aldoxime*., 494 
NitrobenayUdeme acetals, 472 
o-Nitrobcnzylidcncglycols, 472 
Nitrobromostyrene, 489 
Nitrocamphor, 515 
Niteoccllulose, 354, 462, 463, 588 
films, 585, 588, 589, 650 
lacquer, 562, 576, 580, 583, 587 
photolysis, 589, 592 
NitrochaJcones, 490 
NitrociimatnaMehyde, 475 
Nitrocinnamic acid, 482 
Nitrocobaltic comi>ounds, 260 
Nitro compounds, 460-463, 469-472 
2-Nitro-4',4"-diaminoti iphcnylmethane, 626 
Nitrodimethylaniline, 497 

4- Nitro-2,6-diiiitrosodihydroxymethylbenzene, 471 
Nitro dyes, 640, 643 

Nitrogen, 144, 156, 279. 345, 422, 468, 470, 471, 
523, 650 

absorption, 181, 193, 317 
active, 37 

and anthraqumone, coloration, 506 
and dyes, 626, 633 
and egg allmmin, 678 
and hydrogen, 318 
and insulin irradiation, 679 
and peptides, 674 
and pheophorbide, 879 
and rubber, 593, 595, 601, 602 
compounds, photochemistry, 317-329 
discharge in, 137, 139 
effect on chlorination of acetylene, 537 
effects on various photoreactions, 296-298, 305, 
309, 316, 318, 321, 327-329, 331, 358, 400, 
401, 426. 428, 435, 436, 460, 462, 475, 537, 
545 

fixation in soil, 350, 351 
for irradiation. 184 
for lamps, 583 

formation, 64, 351, 384, 456-462, 498, 500, 515, 
624, 625 

glow discharge, 30, 31 
heat of dissociation, 235 
in gasoline testing, 653, 654 
in metal-vapor lamps, 150 
ionization potentials, 27 
isotopes. 227 
mctabphsm, 745, 746 

organic compounds and Iight-fastness of pig- 
ments, 575 
oxidation, 324 

photoionization threshold, 237, 269 
predissociation, 242 
resonance potentials, 27 
Nitrogen dioxide, 247, 327, 371 
iodide, 354 

oxides. 193. 194, 240, 324-328, 733 
pentoxide, 210, 327, 328, 354 
peroxide, 304^ 324, 457, 469, 470, 521 
predissociation, 241, 243, 244, 326, 327 
trichloride. 285, 329 
trioxide, SIS 

Nitroglycerin, 354, 461, 462 
Nitro group, 488, 516 
Nitromethoxybenzaldoxiraes, 494 

5- Nitro-2-methoxy-3*etboxybcnzaldehydc, 476 
Nitromethylnaphthalene, 502, 549 
Nitronaphthalcne, derivatives, 501, 502, 549 
Nitro-nitroso-hydroxymethyl-benzoquinone-oxitnes, 

471 

Nitroparaffins, 461 
Nitrophthalide, 548 
Nitrbbhthaldehydic acid, 548 
Ifitrophcnols, 499 


Nitrophcnylethyl ketone, 478 
Nitropiperonal, SIS 
Nilro-rayon, 613 
N itrosobenzaldehy dc, 475 
Nitrosobenzenc, 469, 470, 496 
N itrosobcnzoic acid, 472, 474, 475, 516 
Nitroso compounds, oxidation, 461 
NitrosodiraetliyJamme, 382 
Nitrosodimethylandmc, 178, 179, 182, 495, 497 
Nitiosodimethyl hexane, 461 
Nitroso dyes, 640 
Nitrosoisopropyl acetone, 461 
Njtrosonajihthylhydrnxylamine, 503 
Nitrosoterephthaldehydic acid, 476 
Nitrosulfonic acid, 546 
Nitroterephthaldehydc, 476 
2-Nitro-3,4,2',5''tetramethoxy-ft-phenylcinnamic 
acid, 484 

Nitrotoluencs, 467, 469, 472, 496, 502 
Nitrotriphenylmetnane, 626 
Nitrous arid, 351, 498 
organisms, of soil, 351 

oxide, 285, 324, 325, 327. 397, 46 J, 462, 633 
Nitrosyl chloride, 328, 329, 460, 470 
ituschia clostcnum, 790 
Nonachlorocyclobexane, 543 
Nonex glass, 75 

Nortlirop-Kunitz electrophoresis cells, 704 
Nostoc, 883 
Novarsenol, 776 

“Noviol," 165. 180, 187, 188, 886 
Novarsolan, 776 
“Noviwcld," 165 
Novocame, 740 
Nuclei, formation in air, .387 
Nucleic acids, 690, 696, 698, 700-703, 712, 716, 
850 

Nuclein phosphorus. 766 
Nuclems, irradiated, 703 
Nucleoproteins, 696, 712 
Nucleus, of cell and lethal action, 696 
Number, atomic, 21 
quantum, 21, 22 

Nursing mothers, inadiation, 785 

C^ak bark, extract, 743 
Oats, 886, 887 

Octachlorohutanc, formation, 401 
Octachlorocyclohexcne, 543 
Octane, formation, 394 
Octoic acid, 559 
Octyl alcohols, 658 

Ortvlaldehyde, absorption spectrum, 416 
Oil, almond, 743, 513 

hci gamut, and sunburn, 743 

cacao, 556 

cade, 513 

candlenut. 574 

cassia, 513 

castor (sec Castor oil) 

ChiTiawood, 564-567 
cinnamon, 5)3 
clove, 513 

cocounut, oxidation, 559 
cod-liver (see Cod-liver oil) 
colza, 559, 612 
corn* 557, 574 

cottonseed (see Cottomsecd oil) 
dogfish, 853 

eucalyptus, bleaching, 513 
fish-liver, 555, 853 
lavender, 513 

linseed, 555, 557, 56S, 613 (see also Linseed 
oil) 

lemon, absorption spectrum, 51.3 

mace, 513 

Mahua, oxidation, 559 
maize, 560, 563 
menhaden, drving, 574 
mineral (sec Mineral oil) 

Monarda fistulosa, 513 
mustard, 513, 559 
oiticica, 574 
olive (see Olive oil) 
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Oil, palm, 556, 6 JO 

(8e< Peanut nil) 
pcppermmt, S13 
penlla, 567, 571, 573, S74 
petroleum, 65 1 
pilchard, 574 
pine, 610,. 659 
plant, activated, 81 S 
poppyseed, 567, 571, 572, 574 
rat liver, 854 
Red S. 610 
ruhberseed, 574 
sassafras, 513 
sesame, 559 
shale, 865 
shark-liver, 855 
solar, chlorination, 531 
Soluble Red O, 659 
soybean (see Soybean oil) 
sunflower, 571, 57^, 790 
Teif atria, 574 
thyme, 513 
transformer, 561 
tsubaki, 559 
tuna (see Tung oil) 

Turkey red, 613 
turpentine, 513, 514, 610 
vegetable, 555, 557, 610, 612, 789 
whale, 555, 557 
wintergreen, 513 
wormseed, 513 
Oils, aging, 589 
drying, 205, 531. 564-574 
essential, 513, 727, 728 
fluorescence, 555, 556. 600 
formation in plants, 882 
hydiogenation, 558 
irradiation, 727, 728, 827 
lubricating, 557 
oxidation, 558, 572 
polymerization. 564-566 
sensitizing ultraviolet photography, 381, 556 
staining fabrics, 624 
stereoisomenc changes, 564-569 
uns.ituratcd, detection, 558 
Ointments, stenli/ation. 727 
Oiticica oil, 574 
“Old tuber culm,” 690 
Olelmes. 422. 425, 457, 511, 533 
Oleic acid, 553, 554, 557, 559, 565, 567, 570, 791 
Oh VC oil, 555-559, 727, 789 
Onion ront tip'H, ravs from, 767 
Oocists, Finicfia tcnrlla, lethal action on, 717 
Opsonic index, 775 
Opsonins. 757, 759 

Optical activity, and photochcmisti 266-268 
Optimum wave-length for lethal action, 701, 706, 
714 

Oiaugcs, killing moldvS on, 711 
Oiange II, 625, 532 
Orbital quantum numbers, 226 
Orbits, electronic m atoms, 21-23 
Orders of spectra, 33 
Otganic aculSj 184, 186, 361. 362, 540 
dyes, detection, 575 
Organuter, embryonic, 765 
Organometalhc compounds, 464, 465 
Ortho hydrogen, 226 
Ortho-para hydrogen conversion, 244 
Orthostannic acid, 366 

Oscillator, molecular, 220, 223, 224, 232-235 
Oscillatory circuit, for starting mercury arc, 92 
Oscillograph, cathode-ray, 271 
OMnufidia davtoniana, 890 
Osram Kamo, 68, 175, 539, 640 
Ostwald color system. 581 
Ova, roundworm, 718 
Overall pbotocbemical reactions, 24 5-256 
Ovoflavin, 852 
Ovoverdin, 859 
Oxalates, 267, 441-445 
Oxahe acid, 205, 469, 503 
absorption spectrum, 441 
actinometer, 202 


Oxalic aiqid, and anil me, 49S 
and ferric salts, 36l 
and ipincne, 515 
bromine reaction, 447 
chlorination, 54 ^ 

effect on raanganioxalate photolysis, 442 
formation, 405, 451, 46/, 470, 480, 484, 514, 
869 

in photosynthesis, 867 
in tobacco plant, 884 
iodine reaction, after-effect, 447 
oxidation, 251, 252, 350, 366, 441, 443, 448 
photolysis, 103-105, 246, 440, 441, 443-447 
reaction with hydrogen iodide, 249 
Oxalyl chloride, 448 
Oxantbrol, 508 
Oxanthronc, 508 
Oxazine dyes, 640 
Oxen, light sensitization, 861 
Oxidase. 671, 742, 749, 756 
Oximes, 410, 493, 494 

4-Oxo-9, 10,11,12,13,1 4-octadecatrienylcarl)oxyl ic 
acid, 574 

Oxyiicetylene flame, 35 
Oxycellulose, 614, 615, 617, 618 
Oxygen, 192, 279, 345, 348, 359. 370, 407, 457, 
467, 468, 471, 479, 649 
absorption spectrum, 179, 181, 193, 194, 249, 
293-295 

active, 292, 349, 468, 727, 728, 864 
and biological photosensitization, 862, 863, 864 
and chlorophyll, 871, 872, 877 
and fluorescence quenching, 262-264, 864 
and plant photosynthesis, 876-880 
and polymeiizations, 410, 489, 584, 595 
and rubber, 595, 596, 601 
and textiles, 615, 621, 626 
and Vitamin D production 797, 798, 804, 806, 
807 

as flee radical, 295 
atomic, 251, 252, 304, 475 
excited, 293, 296, 297, 300, 309 
re*actions, 300. 302, 309 
combination witn nitrogen, 324 
dissociation, 293, 294, 300, 309 
effect on acetone fluorescence, 426 
effect on photohalogenations, 529, 532-535. 537, 
540-542, 545, 546 

effect on hvdrogen-clilortne combination, 281, 
283, 285, 287-289. 302 
effect on nitrogen peroxide fluorescence, 327 
effect on oxidation of lactic acid, 448 
effects on various photolyses, 296, 297, 315, 
327-330, 332, 367, 377, 397, 400, 417, 442, 
444, 460, 462, 515, 853 
elect ncai conductivity';, 473, 514 
equilibrium between Oa and O4, 294, 295 
evolution from photodxides, 508-511 
excitation, 243 

excited molecules, 294, 295, 300 
filter, 309 

formation, 64. 305-307, 346-348, 352, 475 
heat of diss<K'iatKm, 235, 243, 293, 294, 354 
in accelerated paint tests, 578, 579 
in gasoline testing, 653-655 
in milk irradiation, 840, 841 
111 plant cells, 874 

inhibitor of phosgene formation, 311-314 

ion, 264 

Isotopes, 227 

liberation by plants, 866 

magnetic susceptibility, 294, 295 

metastable, 264 

migration from nitro group, 516 
prediftsor uUion, 293, 300 
puriiication, 510 

tiansforniation to ozone, 292-295 
Oxygenase, 889 
Oxyhemoglobin, 750 
Oxyhydiogen name, 35 
“Oxyn” acids, 564 
2-Oxyqumoxal tne'3-aldebyde, 85 1 
Oxytocic hormone, pituitary, 689 
Ozone, 345, 350, 401, 411, 413, 556, 568. 625. 
650, 727, 733, 788 
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Ozone, alwotption of ultraviolet raya, 7, 193, 194, 

295 ^ 29 / 

sUid dyes, 633. 634, 638, 640 
ftiid hydrogen peroxide, 339 
atid msuUn, 679 
und isoeugenol, 514 
and paper, 619 
and pyndmc, 519 

and rubber, 597, 598, 602, 603, 606 
and vitamins, 804, 840, 848 
bleaching by, 618 
excited molecules, 296 
formation, 292-295, 299-300, 309 
in accelerated point tests, 579 
m (atmosphere, 193 
in food irradiation, 828, 829 
in laundries. 727 
in vitamin IJ production, 832 
inhibitor of Edcr reaction, 445 
photolysis, 211, 259, 292, 295-298 
^ toxicity, 293 
Oaonides, 416, 415, 728 


r branch, 223, 225 
l^amtings, fluorescence, 663 
Paints, acc^erated tests, S75-S81 
bleaching, 575, S76 
chlorinated rubber, 6U 
drying tests, 574 
films, 572, 577-579 
for rubber, 610 
luminous, 583 

outdoor exposure tests, 578, 581 
reflecting properties, 583 
stable to ultraviolet rays, 183 
ultraviolet-reflecting, 583 
Palatinol, 589 

Palisade cells, in irradiated plants, 715 
Palladium, 1S9, 161 
Palm oil, 556, 610 
pitch, in ebonite, 608 
Palmitates, 586 

Pancreas, secretory activity. 760 
Pancreatic diastase, 681 
Pancreatin. 681, 682 
•Papaveraldine, 520, 521 
Papaverine, 520, 521 
Paper, 561, 619, 625, 644 
bleaching, 617, 618, 644 
deterioration, 618-620 
dyed, 643, 644 

fluorescence tests, 620, 644, 663 
light-sensitive, 363, 384 
pH, 644 

photographic, 363, 383, 384, 647, 648 
pulp, yellowing, 618 

rolls, removing electric charges from, 662 
testing, 641 

ultraviolet penetration, 619 
ultraviolet reflection, 618, 619 
water resistance, 620 
yellowing, 562 
Papillomas, 766 
Paracetaldehyde, 422 
Paraldehyde, 418, 613 
Paracyanogen, 456 
Paraffin oil, 508 

Paraffins, 531, 533. 607, 610, 651-053, 661 
Paraformaldehyde, 460 

Para hydrogen, 226, 274, 290, 317, 397, 402, 420, 
439, 811, 

Paramagnetic ions, and fluorescence quenching, 
263 

•Panimtcia, lethal action on, 523, 696, 700, 701, 
703, 716, 717, 752, 860. 865 
Paraquinonc, and rubber oxidation, 603 
Parathyroids, 755, 790, 819 
Parathyroidectomy, 749, 75 S 
Paratoliiidine, reaction with irotonic acid, 456 
Para toners, 590 
Parazone, 604 
Parchmentj 561, 562 
Particles, m atmosphere, 194 
Pasadena, solar energy at, 199 
Puschen series, 20, 22, 163 


FasteurHla infection, 776 

♦Patent leather, 293, 572, 650 

Pauli exclusion principle, 25 

Pauly test, wool, 623 

Peaches, composition, 891 

Peanut oil, 559, 743, 790, 795, 828 

Pears, composition, 891 

Peas, 886, 889 

Pelargonic acid, 559 

Pelargonium leaves, 715, 872, 873 

Pellagra-preventing factor, photolysis, 850 

Pcntachlorobenzene, 543 

Pentachlorocyclohexane carboxylic acid, 547 

Pcntachloroethanc, 401, 535 

•Pentacyanoaquoferrate, 362, 363 

Pentacyanoaquofernte, 362 

Pcntadiene, tetraphcnyl, 411 

Pcntahydroxyamvlbenzimidarolc, 85 1 

Pentane, 394, 526, 527, 529, 531 

Pentath ionic acid, 354, 390 

Pentene, isomerization, 413 

Pentosans, 883 

Pentoses, 435 

Pentyl cnloride, 531 

Pentyl ene, 394 

Peppermint oil, 513 

Pepsin, 247, 680. 683, 890 

•Peptides, 676, 677 

Peptones, 411, 674 

Peracetic acid, 422, 484 

Peracid, furo, 517 

Peracids, 422, 880 

Petal dehyde, 880 

Perbcnzoic acid, 473 

Perborates, 410, 657 

Percarbonates, 410, 657 

Perchloiates, 298, 307, 341, 346, 348, 349, 455 
Pcrchloroethylene, 657 
Performic acid, 440 
Per fructose, 433 
'Pctichecia, of fungi, 890 
Perilla oil, 567, 571. 573, 574 
Periodates, 348 
Periodic reactions, 256 
Petmanent Red 4H, lake, 643 
Permeability, of erythrootes, 750, 752 
of membranes and irradiation, 669 
Peroxidase, 685, 686, 742, 889 
Peroxide.s^ 433, 440, 473, 481. 561 
and oleic acid, 553 
and polymerizations, 584 
and vitamin D, 804 

formation, 403, 422, 467, 468, 653, 654, 656, 
812 

m alcohol inadiation, 402, 404 
in ether, 405 
in inadiatcd oils, 727, 728 
in photodynamic action, 863 
in plant photosynthesis. 876, 881 
in rubber oxidation, 604 
mono and di -alkyl, 339 
of dyes, 633 

of fats and oils. 558-560, 572 
of linoleic acid, .553 
of porphyrin, 680 
of rubrene derivatives, 509-Sll 
oiganic, 383, 407, 411 
Per salts, 411 
Perseulose, 432 
PeTsiilfale ion, 355 
Petylene, 512, 595 
“Peter Pan” gingham, 642 
Petrolatum, 652, 727 
Petroleum products, 530, 531, 651-657 
Phenanthreue, 504, 508, 511, 550, 591 
Phcnanthrenetiuinoue, 482. 603 
Phena/ines, 497, 498, 522 
Phenetidine, 497 

Phenols, 350, 390, 469, 479, 499, 500, 562. 573, 
631, 648, 657, 833 
acyl derivatives, 647, 648 
amino, 468, 496, 497 
and aldehydes, 584 
and chlorophyll bleaching, 871 
and insulin, 679 
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Phetiols, ant! nttrirw^eHttloa#. 4<S3 
and rubber osctdation, 403 
as flunreacence (ruetichers* 262 
cbtomnitmao* 479 
dinltfo, 499 
fluofeseence* 600 
galactostde* 660 
glycoside, 680 
fiomologs, esteniv 547 
inhibitors, 340, 410, 44S, 474 
oxidation, 663 
mannostde, 680 
nitro, 499 , 

resins, 410, 564, 585, 592, 6U 
vinyl derivatives, 411 
Fhenolase, 742 
Phcnolphthalcin, 259, 629 
Phenosaf ranine, 260. 264, 498, 631 
rhenoxybetiroylacrylic acid, 491 
Fhcnylacctaldehydc, 424, 473 
1 hcnylacctic acid, 477, 478 
Pbenylacetylene, iodination, 538 
Pbenylacridine, 509 
Phenylalanine, 670, 671, 696, 739 
Phenylanthracene, 508, 509 
Phenylaaobenzcne, 575 
Phenyl benzoate, 480 
4«Pheny!l>«nzohy(Jrol, 477 
4-Phenylhcnzor>henonc, 477 
Fhenvl bromide, 544 

2- PhenyM 3-hiitad‘ene snlfone, 413 
9-Phenv!‘l 0-carboxyanthracene, 508 
•Phenyl chloride, 543 
Pbenvlcinnnmic acid, bromination, 487 
Phenylcinnamonitrile, 485, 488, 743 
Phcnylcinnamylidencacetonitrile, 484 
Phenvldiazonium chlorides, 500 
Phenyldibenzoxanthrenium dyes, 647 
phenvlened'amine, 260. 495, 498, 575, 646 
Phenvlcthvl chloride, 546 
Phenvicthylene. 488 
Phenviethvlindane 811 
P^envtflTiorenes. 512 
Phenvlflnorenvlcartdnols, 512 

pK#>Tiv1 flitoride, 544 
Phenylglyoxal os.'izone, 450 
Phenylglyoxime, 461 
Phenvlbeptatrienic acid, 4^2 

Phcnylhvdrn»itic, 183, 450, 478, 498, 575. 614, 

625, 626, 630 

Phetivlhvdroxvlnmine, 470, 496 
Plienvlhvdroxystvryl ketones, 493 
FHenvUndoIe, 743 
9-PhenvMO-Jodonnthracene, 508 
Pbcovi iod'de, 644 
Phenvlmcthvl carblnol, 403 
Pb»*nv11ncttc acid. *'40 

3- Phenyl'2-methylindone, 492 
Phenvlmcthvl ketone, “^95 
2-Phcnyl-6-methvlquinoHnc, 521 
PhenvJmornbolmes. 612 
Phenvl-o-naphthytamine, 604 
Pbenyl-ff'^naphtbyl ketone, 477 

Pbenyl-j8“l)henylstyryl ketone, scmicarbazone, 494 
-Pbcnvl-j3''nhcnvl»ntxonc, 517 
hcnvlpropioltc acid, 541 
Pben^ b'vrnroiine** 478 
Phenyl quinoline, 743 
Phenylquinoltne carboxylic acids, 521 
Phenyl radical, 472 
Pbenylsemicarbarone, 49S 
2* Ph en y 1 - 5-st vry 1 -6-n i troisatogen, 471 
Phenylurethane. 875, 877 
Phenyl vinyl acetic acid, 413 
PheoT'horbide-h, fluorescence, 879 
Pheophytin, 764 
Phlproglucinol, 479, 630, 648 
Pbloxin, 264 
Phosgene, 227, 311 
decomposition, 314-317 

formation, 310-314, 346, 394, 400, 448, 460, 

532-535 

Phosphatase, 683. 754, 785, 818, 819, 822 
Phosphate glass, 132, 133, 172, 176 
Phosphates, 681, 784, 785. 8l8, 828 


Phosfhatidefl, 670, 791 
Phoephme, 332, 333, 359 
Phosphite, 370 

Phosphorescence, 262, 264, 265, 375, 385, 665 
Phosphoric acid, 369, 669, 710, 753 < 

Phosphorus, 64, 141, 358, 596, 778 
absorption, 745 

and rickets* 779. 783-786, 818, 820, 830 
chloridM, 64, 545 

conversion of yellow to red, 359, 596, 598 
in lilood, 774, 778, 783-785, 788. 822 
in plants, 888, 889 
nitride, 218, 219 
pentoxidc, 168, 179 
red. 332, 540 
Pliotoanisotropy, 266, 283 
induced, 383 
Photocellulose, 614 

Photochemical processes, theones of mechanism. 

205-216 

Photochemistry, early work, 205 
Photocolorimeter, 636 
Photoconductivity. 269, 380 
Fhotodichroism, 266, 857 
Photodynamic actions, 260, 261, 860, 861, 865 
Photoelectric cells. 97, 99, 100, 107, 271, 771 
effect. 17, 214. 269, 375. 505, 732, 733, 877 
Photoelectrons, liberated by x-rays, 209 
Pbotoequi valence law, 207, 210-213 
Photofluoresccin, 864, 865 
Photographic desensitisers, 863 
papers, 255, 647, 648 
plates, 180, 209, 271 
processes, non-silver, 365, 384, 481, 48$ 
Photography, chromated gelatin, 365 
Photoionization, 269 
Photoisopyrocalcifcrol, 810 
Photometers, 105, 107, 161, 270 
Photon, 10, 18 
Photonitrifleation, 351 
Photodxides, of hydrocarbons, 508-.510 
Photoprocesses, In crystals, 372-376 

m liquid and gas phases compared, 335, 336 
Photopyridine, 433, M9, 520, 646 
Photopyrocalciferol, 810 
Photosphere, 191 
Photronic cells, 96, 97 
Photosantonic acid, 516 

Photosensitizations, 257-269, 336, 380, 381, 510, 
741, 745, 860, 862-864 
Photosensitizers, 257, 862 
Photostationary states, 274, 504 
Photosynthesis of carbohydrates, 873-882 
Photosynthetic units, 881 
Phototfopy, 37! 

I’hototropy, 268, 481, 489, 493-495, 516, 521 

Photovoltaic effects, 269, 464 

Phthalaml, 592 

Phthaldehydic acid. 548 

Phthalein dyes, 629 

Phthalic acid. 469, 481, 507, 617 

Phthahe anhydride, 617 

Phthalic esters of hydroquinone ethers, 591 

Phthalide, 548 

Phthalimide, 550, 592 

Phthiocol, 502 

Phycocrythrin, 881 

Pbylloporphyrin, 861 

Phylloerythrin, 872 

Phytin. and fermentation, 710 

Phytoplankton, 790 

Phytosterol. 791, 872 

Ptcea exrelsa, 873 

Picein, 162, 436 

Pickering lines, 33 

Picotinc, 518 

Picolinic acid, 518, 520 

Picramic acid, 498 

Picric acid, 101, 354, 472. 498, 499, 598 
Pigmentation of fruits, S'^O, 891 
of human skin. 734, 739. 740, 772, 77.3 
Pigments, 575, 581-583, 589, 590, 608, 609 
fading, 205 

formation in bacteria, 888 
fluorescence analysis, 575 
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Pigments, <m mustard, 886 
Pigs, 746, 786 
Pilchard oil, 574 
Pilocarpit^ 582 
Pimpjuellin^ 515 
Piuachrome, 633 
Pinacolouc, 538, 539 
Pinacols, 477, 514, 517, 816 
Pinacoutt, 404 

Pi«acryptol, 264, 265, 498. 863 
Pinajcyaaol, 334, 381, 465 
Pinaverdol, 632, 871 
Pine bark extract, 167, 563 
oil, 610, 657, 659 
pitch, 610 

Piaenc^?, 210, 473, 514, SIS 
Pinus i^robus, 873 

Piperidine derivatives, 425, 466, 525, 598 

Piperitone, SI 5 

von Pirquet test, 775 

Pisum, seedlings, 888 

Pitch, 662 

Pittsburgh, solar radiation at, 201 
Pituitary, oxytocic hormone, 689 
Pityriasis tosca, 769 
Placental hormones, 689 
Planqk’s constant, 8, lO, 18, 207 
Plants, ash, 889 
coumarin formation, 487 
development, 58. 150, 205. 886-888 
diseases, 890 

lethal action on, 715, 886 
oils, activated, 815 
respiration, 889 
Plasteins, 674 
Plaster of Paris, 768 
Plastics, 410, 411 

Plasticizers, 173, 409, 589, 590. 612, 6S0 
Platinic acid, 248, 369, 370 
Platinum, 74, 131, 253, 339, 364, 369, 415 
catalyst, 341, 439, 454 
sol, 386, 388. 390 
“Plexiglas,” 172 
Plums, composition, 891 
Pneumococcus, 776, 824 

Polarized light, 266-268, 348, 353, 368, 383, 698, 
882 

Pole-caps, for therapy lamp, 133, 134 
Polc-vessds, mercury arc, 79 
“Pollopas,” 165 

Polyatomic molecules, 223, 224, 236, 240, 241, 244 
Polycarboxylic acids, 481 
Polychlorobydrocarbons, 531 
Polychromatic light, photoreactions by, 254, 255 
Polyglycolidc, 451 

Polymerization, 406, 408-411, 557, 564-567 
Polymers, bcnzaJdehydc, 511 
bivinyl^ 411 

from isopropenylmethyl ketone, 429 
of acrylic esters, 584 
vinyl esters, 410 
Polyneuritis, 851 
Polyphenols, antioxidants, 610 
Polysaccharides, 869 
Polystyrenes, 488 
Polyvinyl chloride, 411 
Ponceau R G, 636, 637, 640, 642 
Pongee, 188 

Poppyseed oil^ 571, 572, 574 
Pork production, and sunlight, 785 
Porphyrins, 261, 263, 553, 685, 687, 751, 767. 860, 
861 

Porphyrinuria, 861 
Porphyropsin, 859 
Positive oranch, 223 
Potash, 166, 171 
Potassiiun acetate, 183 
acid phthalate, 185 
alum, 612 
amalgam, 360 
amide, 349, 350 
and muscle, 760 
.anthraquinone sulfonates, 506 
antimonyl tartrate, 450 
arsenic tartrate, 450 


Potassium bichromate, 620 
bismuth tartrate, 450 
bisulfate, 357 
borotartrate, 450 

bromide, 383, 433, 434, 450, S38, 540^ 681 
carbonate, 176, 869 
chlorate, 348, 495 

chloride, 141, 183, 383. 434, 681, 704 
chromate, 179, 187, 364, 522 
cobalticyanidc, 363 
cobaltioxalate, 441, 442 
copper tartrate, 450 
cuprioxalate, 442 

cyanide, 265. 363. 439, 480. 627, 629, 812, 86: 
dichromatc. 187, 336, 344, 364, 365, 404, 439 
469. 612, 629, 646 
ferncyanide, 363, 495, 646 
ferrioxalate, 442, 443 
ferrocyanide, 362, 363, 405, 631 
fluoride, 141, 440 
formate, 344, 345 
hydrogen phthalate, 187 
hydrogen phosphate, 684 
hydroxide, 185, 358, 362. 508 
iodate, 345 

iodide, 187, 433, 434. 446, 541, 629, 680, 68! 
and metabolism, 745, 759 
crystals, 372, 373 

oxidation, 251, 260, 343, 344, 348, 371, 38- 
photolysis, 104, 247, 342, 343, 370 
in blood, 7S4 
ion, 682, 761 
iron tartrate, 450 
mangani oxalate, 267, 442 
mercuric oxalate, 444 
nitrate. 102, 104, 176, 498, 681, 800, 883 
photolysis, 348, 352, 353 
nitrite, 255, 351, 352, 882 
of skin, 742 
oleatc, 553 
oxide, 168 

oxalate, 254. 344, 345, 442, 445-447 
palmitate, 553 

permanganate, 252, 364, 371, 452, 614 
persulfate, 209, 251, 357, 358, 371 
sulfate, 358, 390 
steal ate, 553 
tell urate, 384 
thiocyanate, 358, 675 
Potato chips, rancidity, 561 
tubers, solaninc content, 890 
Potential energy curves, 363, 229, 232-236. 239 
241, 242, 374, 375, 453 
Potentials, ionization, 27 
oxidation-reduction, 433 
resonance, 27 
sparking, 40 
Poultry (sec Chicks) 

Powders, gun, 462 
Precipitins, 759 

Predissociation, 214, 235, 241-244, 263 
Preen glands, 787 
'Preserves, sterilization, 722 
Primary process, photochemical, 207, 211-214, 216 
227, 229-245, 336 
Principal series, 23, 24 
Prints. 479, 622 
Prism, 4, 6, 190 
Probes, 31, 48 
Prolan, 689 
Prolme, 676, 703 

Propancs, 258, 394, 396, 429, 526, 531, 532, 546 
850, 612 

chlorinated, 532, 534 
Propanol, 404, 538 
Propene, 429 

Propenylmethyl ketone, 429 
Propionaldehyde, 244, 397, 404, 416, 421, 425 
hcxahydrophcnyl, 424, 473 
Propionanilide, 438 

Propionic acid, 404. 437, 438, 441, 540 
PropioUc acid, phenyl, 541 
Propiophenoae sulfonic acid, 413 
Propyl alcohol (see Propanol) 
bromide, isomerization, 399 
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Pmjt>yl ethyl eii«, 429 
dufuliitlfi, ana gaaoHtie. 654 
iodida, photolysis, 396* 398 
radical, 429 

Propylene, 396, 407, 422, S34 
Provitamin D, 792 
Prussian blue, 341, 362-364, 390 
Protective glasses, 164-167 
wrappers for foods, 560-S63 
“Protectoid/* 165 
Protcinases, 683, 684 

Proteins, 181, 411, 674-680, 696, 701, 70S, 716, 
717, 739, 740, 873 
blood, 756, 863 
denaturation, 365, 675, 676 
disintegrated, 753, 773 
fluorescence, 735 
in antibodies, 758, 759 
irradiated and gold sols, 669 
light absorption, 670 
metabolism, 745 
of lens, 763 
of lymph, 751 
of retina, 858 
oxidation, 671, 863 
photosynthesis, 882, 883, 887 
protective action on pepsin, 684 
reaction in surfaces, 265 
shoc'k, 734, 773 
Proteose, 677 
Prothrombin, 684 
Protochlorophvll, 888 
Protoplasm, 767 

Piotozoa, lethal action on, 247, 701, 716, 717 

Pscudobutylene, 407, 408 

Pseudocuracne, 469. 550 

P&eudocuniidine, 647 

Pseudoglobulm, 677 

Pscudonitiic acid, 352 

Psoriasis, 769 

Pterts longtfoha, 890 

Pucrinia spores. 711 

Pulfrich step photometer, 581, 6.36 

Puhnonarta leaves, 715 

Pulp, wood, 618, 645 

Pump, Gaede, 148 

Punicic acid. 566 

Purmes, 698, 700, 701, 703, 746, 850. 851, 863 
Purple bacteria, photosynthesis by, 881 
Pustular folliculitis, 769 
P>ocyanme, 522 
Pyran derivative, 268 
Pyi azole, formation, 460 
Yellow, 632 

Pyiazohnes, 1 -phenyl, 478 
Pyrazolone dyes, 640 
Pyrene compounds, 183, 562 
Pyrethrum, toxicity, 658, 659 
Pyiex, 72, 75, 103, 146 

Pyiidine and derivatives, 356, 407, 433, S18 521, 
613, 687, 703 

Fyridinium bromide, hexadecyl, 644 
Pyridmmm l-nitronaphthalene-8-sulfonate, 502 
Pyndones, //-methyl, 261 
Pyndoxine, 850 

Pyrimidines, 698-703, 850, 851 

Pyrocalciferol, 807, 810-812 

Pyrocatechol. 469, 509 

PyrogalloJ, 260, 410, 475, 631, 688 

Pyroxylin, 562, .591 

Pyrrole, derivatives, 466, 518 

Pyrrolidines, formation, 407 

Pyruvic acid, 421, 449, 451, 518, 630, 702 

Pyruvic dehydrogenase, 687 

Q branch, 223, 225 

Quanta, for carbohydrate photosynthesis, 866 
required to kill a bacterium, 705, 706 
values at various wavedengtlis, 207 
Quantum, of action, 8 

mechanics, 25, 26, 217. 236, 372, 374, 375, 453 

numbers, 21-25, 220-223, 226 

theory, IQ, 11, 17. 18, 21. 22, 206, 218-226 


Quantum yield, 102, 104, 105, 210-213. 247, 248, 
251, 252, 336, 373 

fumaric-maleic in tercon versions, 453, 454 
hydrogen-chlorine combination, 289-291 
hydrogen iodide photolysis, 272 ' 

in plant photosynthesis, 874-876, 879-881 
in lethal irradiations, 70S 
milk irradiation, 844 
ozone photoly.sis, 296, 297 
Quartz, 7, 74, 151, 165, 169, 172-175 
^Quartzlite,^^ 170, 173-17S, 181, 185 

I uebracho extract, 563 
uercitm* 621 
uinaldine, 522, 592 
uinic acid, monoacyl derivatives, 523 
umidirie sulfate, 523 
uinine, 206, 210, 340, 523-525, 658, 664 
bichloride, 522 
bisulfatc. 441, 522, 743 

sulfate. 183, 252, 347, 356, 500, 523, 562, 640, 
657 

uininic acid, 521 
uinol, 469, 726 
uinolinc derivatives, 521, 743 
dyes, 640 

Quinones, 101, 474, 479-481, 507, 596, 622. 679. 
87.1 

Quinotoxin, 523 
Qumoxaline, 851 
Qumoneoximes, 471 

R branch, 223, 225 

jRabbits, oxygen consumption, 744 

Kacemization, 512 

Radiation, continuous for absorption measurements, 
152-163 

emission mechanism, 11, 15-29 
erythema* producing, 100, 101 
infrared, 2, 6 
lethal, 100, 101. 143, 193 
measurement of, 96, 97, 100 
mitogenetic, 101, 150, 767, 768 
necrobiotic, 768 
processes, stellar, 191, 192 
resonance, 1 90 

solar, ultraviolet in, 1, 2, 142, 191 
synergy of wave-lengths, 442, 443, 486 
tan-producing, 57 
theory of reactions, 209, 210 
ultraviolet, nature of, 2, 6, 7 
visible, nature of, 2, 3, 4, 6 
Radiationless transitions, 242 
Radicals, free, 231, 244, 864 
Radioactive emanations, and petroleum products, 
655 

Radiomalt, 832 

Radiotoxic spectral .sensitivity, 714 
thresholds, 714 
virulence, 714 
Radium, 467, 683, 686, 733 
Raffinose, 435, 890 
Rag papets, 620, 644 
Raman effect, filters for, 188 
source for, 137, 138, 149 
spectra, 213, 222, 224, 593, 665 
of gasolines, 665 
of rubber, 593 
Rana pipiens, 766 
Rancidity, 558. 559. 560, 562, 563 
Rapid Filter Yellow, 632 
Rare earths, 19, 166, 261 j 369, 370 
Rates, photochemical reaction, 207, 245, 246, 251- 
253 

Rayons. 188. 613, 619-621 
Rays (sec Radiations) 

Reactance, in starting mercury arc, 76 
Reactions, chain, 21.3*215 
overall photochemical, 245-256 
Realgar, 359 
Reciprocity law, 101, 271 
Recombination, of atoms, 231, 253, 279, 280, 335 
Rectifier, for starting a.c. mercury arc, 92 
Red algae, photosynthesis, 881 
Red blood cells (see Erythrocytes), 
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Red lead, 577, 583 

Red oil, SS7 

Reduced muse, 236 

Reduction {Kitentiale, of dyea, 531 

Rfflectance, of skin, 738 

Redectors, 771, 844 

Refraction, 4 

Re^erated cdluloae, 184, 619 
Reickert^Meifis} number, 837 
Remdel’s isoerRosterol, 796, 797 
Rennet, 247, 684 
Rennin, 658 

Rentschler meter, 201, 202 
Reams, 410, 4U, 584, 585, 5E9, 592, 610, 619, 
655, 663 

Resmate, 585, 612 
Resonance, 262, 263 

lines, 37, 92, 117-119, 121, 124, 127, 136, 137, 
141. 150, 151, 190, 257 
potentials, 8, 26, 27 
Resorcinol, 469, 630, 688 
Resorcinolazobenjaene, 563 
Respiration, 687, 863. 867, 874, 877, 889 
of plants, 889 
Respiratory center, 753 
ettaytnes, 687- 688, 891 
quotient, 74o 
Reticulocytes. 748, 749 
Retina, 164, 687, 733, 762, 857, 858 
Retiaene, 858 

Reversed lines, underwater spark, 152 
Reversing layer, sun, 192 
Revertesc, 611 
Rhamnoae, 432, 472 
Rhinitis, 776 

Rhodaraine, 142, 188, 260, 383, 451, 585, 620, 634, 
.639 
Rhodium, 74 
RhodovU^rio, 707 
Ribbons, sterilization, 727 
Rice, 685 
Rictn, 690 
Ricinoleic acid, 554 
Rtcinus cofHfHuws seeds, 683 
Rickets, 143. 174, 733, 738, 778, 779, 781-785, 
^ 827 1 862 

Ringer's solution, irradiated. 761 

Hoad tar, accelerated weathering test, 661 

Rochelle salt, reaction with bromine, 252 

Rock salt, 372. 373 

Rods, of retina, 857 

Root storage, 887 

Rose Bengal, 264. 634, 863 

Rosin, 557, .585, 586, 610, 619, 620, 644 

Rosindutin, leucohase, 678 

Rosindulines. formation, 517 

Rotational energy levels, 218, 220, 222, 229 

Rotenone, 659 

Rubber, accelerated weathering tests, 562, 605-609 
bonding, 611 
cements, gelatin, 597 
chlorinated, 611, 612 
composition soles, 608 
curing, 598 
fliiorcficence, 601 
oxidation, 601-605 
plants, 890 

polymerization, 429, 593-597, 601, 602 

S reservation, 609, 610 
:aman spectrum, 593 
reclaimed. 607 
sols. S93-S9S 

stretched, X-ray diagram. 593 
substitutes, 411, 558, 573, 612 
surface films, 599 
synthetic, 593 
Rlibbersced oil, 574 
Rubene, tetraphenyl, 509 
Rubidium, 238 
Rubidium iodide, 238 
Rubrene derivatives, 509-511, 603, 864 
Ruhmkorff coil, 76 
Russell effect. 383. 556. 790 
Ruthenium hydroxide, 370 
^ pentacarbony 1 , 370 


Rydberg constant, 32 
formula, 20, 22, 23 
Rye, germinating, 885 


SieckaromycfSt (see Yea«t> 

S>afc-T-Airc equipment, 729 
Safety glass, 411, 588, 591 
Saf ranine. 260, 585, 630, 634, 639 
St. John*8 wort, 861 
Salfcin. 436 

Salicylaldchyde, 423, 476, 481 
Salicy1'’‘'*s. ultraviolet sensitizer for plates, 381# 
382 ^ 1 

Sallcyl.c acid. 478. 481, 548, 725, 741 
Salivary diastase, 681, 682 
Salkow.sky reaction, 623 
Salmo iacustris, embryos, 765 
Sal. typhimurium^ 706 
Salol, 562 

Salvia plants, minerals in, 889 
**Snnakix.'' 173 
Sanocrysin, 744 
Santonin, 516 
Sanonin, 382, 436, 824 
Sarcoma, 766, 828 
Sassafras oil, 513 
Sawdust, irradiated, 788 
.Scandium lines, 26 
Scarlet HR, 647 
Scatole, 517 

Schenectady, solar energy at, 197, 198 
Schuler cathodes. 151 
Schutz law, 681 
Schumann plates, 7, 381 
region, 7, 8. 208, 2.H, 241, 293. 300 
-Runge bands, 293-295 
Schwarzschild law, 271 
Scleroderma, 742 
Sclerotium batacicola, 711 
Scrofuloderma, 769 
Scurvy. 849 
Sea urchin eggs, 764 

Secondary photochemical processes, 211, 212, 214, 
216, 245, 248, 250, 253, 254, 335 
Secretin, 689 

Sector, rotating. 254, 270, 446, 447, 486, 875 
Sedimentation, red blood cells, 756 
Seedlings, 715, 885, 886 
Seeds, 887, 8^0 

Selection principles, 24, 25, 220, 222, 225, 226, 
243 

Selective irradiation, 726, 828 
.Selcmdes, 142 
Sclenious acid, 384, 514 
Selenium, 148. 269. 358, 384 
chlorides, 545 
oxides, 360. 431 
red. 598, 599 

Selcnomercaptan, and gum formation in gasdUnes, 
656 

Self-extinction, 262 
Self -inductance coil, 41, 42 
Self-reversal, 65 

of mercury lines, 65, 109, 110 
Semiacetals, 437 

Semicarbazones, 490, 491, 494, 495 
Semi -ebonites, fluorescence, 601 
Semiquinones. 263 

Sensitivity, photogr^hic, theories, 378, 379 
Sensitization (see rhotosensitization) 

Separation of lines by refraction, 189, 190 
Seriem, 622 

Scries, spectral, 23, 24, 163 
Serine, 672 

Scrum albumin, 674-678, 862 
amylase, 756 
and pancrcatin, 682 
antltryptic activity, 757 

calcium, 754, 784 (see also Calcium, in blood) 


cholesterol, 755, 825 

globulin, 675-677, 706 

index of refraction, 756 

inorganic phosphorus, 710, 754 

irrad ated 674, 675, 677, 706. 751, 753. 756, 


758, 863 
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$ertim albtwsin, (^91 

opKonma, 757 

pr«it<:cttve action on venom* ^91 
reducing power* 710 
aurface tension, 756 
vasoconstricting power, 746, 747 
Sesame oiU 559 
Shale od. 865 
Sharks ivcr oil, 855 
Sharp scries, 25, 24 
Shaving creams, sterilleation, 727 
Sheep, 861 
Shellac, white, 382 
Shock, 733 

Siak-illipe nut, sterols, 792 
Silane, 333 

Silent discharge, 292, 310 
Silica. 165. 166, 168-172, 179, 189, 583 
gel, 264, 391, 392 
Sificatcs, In carlion arC, 58 
Silicon carbide* 5 1 
oxychloride, 288, 289 
tetrachloride, 64 
tctraduonde, 51 

Silk, 188, 613. 620-622, 642, 674 
artificial, 188, 613, 616, 620, 621 
dye-fadmg, 502, 622, 637, 639 
Silkworm eggs, catalase, 685 
Siloxene, 333 

Silver. 97, 150, 231, 378, 380, 398, 415, 463 


acetate. 438 

acctvlide-gelatin emulsion, 384 
aaticle-gelatm emulsion, 384 
bromide, 240, 373, 376-378, 380, 381. 599 
chloride, 6, 240. .U9, 376, 377, 383 
chromate-gelatin gels, 391 
filters, 150, 178, 762 
halides, 237, 240, 376-380, 383 
iodide, 239. 240, 376, 378 
nil! ate, 260, 364. 439, 726 
and cholesterol, 812 
gelatin gels, 391 
preparation of silver sola, 387 
reaction with zinc oxide, 371 
reduction. 159, 383, 384 
oxalate, 384, 441 
oxides, 371, 410, 508 
salts, 205. 359, 371, 384, 645 
sols, 386-390 
sulfide, 379 
thioarsenite, 389 

Smapts alPa, ri'trogen content, 884 
Sipalin, 576, 650 
Sitosterols, 792 

7-dehydro, 811, 816, 817 
Sizes, for cloth or paper, 41 1 
Skin. 669, 678, 684, 713. 733-744 


absorption of vitamin D, 847 
active oxyiren in, 727 
and parathyroids, 755 
and tvphoid mini urn ration, 7 57 
cholesterol, 766, 791 
cream, irradiated, 847 
fluorescence, 651 
glutathione, 751 
grafting, 770 
infections. 774, 775 
lipase, 756 
proteinase, 756 
provitamin, 7^'5, 814, 816 
respiration, 826 
senile, 769 

substance affecting castrated mice, 756 
sugar, 751 

tumors, and irradiation. 511, 742, 766, 865 
vitamm C content, 849 
wounds, 825 
Sky Blue, 639 
Sky shine, 198-202, 783, 828 
Smoke, in air. 196, 201, 202 
Smokeless powders, 402 
Snail lipins. 792 
Snake venom, 691 

Soaps. S55, 556. 563, 582. 648. 741, 847 
Sockets, after tooth extraction, 769 


Soda, 171 

Sodium. 27, 131, 141, 231, 238, 2S7» 360, 373, 
674 

acetate, 183^ 434, 437 

alcoholate, 476 ' 

alizarine sulfonate, 646 

amide, 349, 350 

anthraQuinooe sulfonates, 449, 506, 682 
aside, 354, 363, 481 
benzoate. 185 

34)enzoyi-aminopyrenedisulfonate, 562 

bicarbonate, 354, 450 

bromide, 567 

carbonate, 450 

chlorate, 347, 646 

chloride, 183, 373, 375, 433, 675, 681, 704, 763 
chlorite, 347 

2-chl oroanth raguinont-^-sul f onate, 506 

cblorocinnamate, 483 

.^-chloro-p-toluenesulfonamide, 265 

cinnamate, 187 

cholate, 670 

chromate, 364 

cyanide, 354, 749, 750 

dichloroanthracenedisulfonate, 682 

dichromate, 407, 408, 502, 616 

fluorescein, 864 

fluoride, 172, 681 

formate, reaction with iodine, 252, 440 
fumarate, 452 
glycocholatc, 670 

g lycol, 411 

ydrosulhte, 358, 463, 507 
hydroxide, 187, 450, 508 
hypochlorite, 346, 347, 589 
hypophosphite, 370 
hyposulfite, 616 

iodide, 231, 237, 238, 342, 344, 372, 373 
kctyl radical, 477 
lactate, 449 
maleate, 452 

molybdate, 369, 383, 619 

naphthionate, 503, 631 

nitrate, 440, 498, 646, 681, 883 

nitrite, 249, 344. .345. 351. 371, 377, 439 

nitroferrocyanide, 363 

nitrojirusside, 341, 363, 364 

nucleate, 703 

peroxide. 573 

6-phen y1 -2-aratnopseudoazimifiobenzcnediBul- 
fonatc, 648 

pbenylbenzimidazolesulfonate, 743 

phenyldiazosulfonate, 64 5 

7-pheny!hcptatrienic acid, 492 

phosphates, 172, 370, 640 

pvrcnctetrasul fonatc, 562 

oleatc, 391, 555 

oxide, 168, 179 

resmate, 619 

salicylate, 481 

selenite, 817 

silicate,, 763 

stannate, 619 

sulfate, 340, 341, 691 

sulfide, 495 

.sulfite, 356. 357. 410, 450, 863 
tartrate, 450 
thiocyanate, 358 
thiosulfate, 358, 598 
toUienesulfonchloroamide, 498 
triiodomethanesu’f^^nate, 400 
tungstate, 383, 387 
“vSoft-lite,’* 166 
Soil, 350, 351. 391 
Snianine, formation in potatoes, 890 
Solar constant, 1, 2 

energy distriliution, 7, 142, 191, 192, 195-202 
oil. 531. 653 
Solarium arcs, 62, 63 
Solarization, 17.3-176 
Sol Id paper, 640 
Sollux lamp, 580 
Sol-'tuhber. 593, 594 
Solvates, 437 
Solvation, 249, 335-337 
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Sorfcitol. 433, 472 
Sorbose, 432, 867 
Sotmd records, 662 

Sources, continuous for absorption studies* 1S2- 
163 

a Uftl purpose, 142-147 
laminating, IS 
of radiations, survey, 30-37 
standardization by oxalic acid photolysis, 443 
Soybean oil, 557, 559, 567, 573, 574 
Soybeans, 830 
Soy urease, 684 
Spark, aluminum, 38, 44 
as ultraviolet source, 38-45 
cadmium, 155 
carbon, 1S4 
cobalt, 44 
condensed, 42 
discharge, theory, 39-42 
gaps, 43, 44 
iron, 38, 152 
irradiated, 269 
lead, 1S5 
magnesium, 1S5 
molybdenum, 154 
nickel, 154 

reactions induced by, 45 

sources for photochemical reactions, 43-45 

spectra, 32, 33, 36, 42 

Tesla, ISS 

tin. ISS 

tungsten, 152, 154, ISS 
uncondertsed, 40 
underwater, 152, 153, ISS 
uses, 38-45, 650 
zinc, 44, IM, 155 
Spawn, frog and toad, 766 
Specific heats and quantum theory, 17, 217 
Spectra, absorption, 152-163, 213, 214, 216, 218, 
270, 271, 336, 337 

of sterols during irradiation, 794-801 
atomic, 19-22, 230 
band, 19, 163, 216-228 
continuous, 18, 19, 94, 152, 153, 229-236 
convergence, 230, 246, 293-295 
electron-affinity, 337, 338 
for absorption studies, 152 
Ime, 5, 18-23, 26 

molecular, 19, 217-228, 230, 231, 234-236 
of ions, 33 

of polyatomic molecules, 223, 224 
predissocmtion, 241-244 
jRaman, 222, 224 
rotation-vibration, 221-223, 225 
series, 23, 24 
spark, 32, 33, 36. 42 
Spectrograph, 183, 190, 270, 271 
Spectrographic analysis, 662 
Spectrometer, quartz, 693, 694 
Spectrophotometers, photoelectric, 271 
Spectroradiometer, 100 

Spectroscopy, and photochemistry, 229-244, 270 
Spectrum, electromagnetic, nature, 2, 3, 6, 7, 9, 10 
of sunlamp, 144-146 
solar, 4, 7, 374, 192 
Spekker photometer, 161, 270 
Sperm, 717, 764 
Sperry arc. 618 
Spin, of electrons, 25, 226 
nuclear, 226 

Spinach, irradiated, 742, 789, 830, 856 

Spinal fluid, gold test, 677 

Spindle oil, 653 

Spirit black, 643 

Spirocyclopentane, 810 

Sptroffyra, 685, 882 

StfirOsiomvm emhipuum, microirradiation, 703 

Spleen, and typhoid immunization, 757 

Splenic hormone, 749, 750, 757 

Spores, 706. 711, 727 

Springfield Lake, solar energy at, 198-200 

Spruce 618, 876 

Spyroffvra, ultramicroscopic irradiation, 717 
Squalen®, 511 

Square root law, for rates, 251, 252, 254. 278 


Stabilizers, 462. 657 

Stability of colloidal systems, 387, 388 u 

Stains, from methylene blue* 630, 631 c 

Standards, of fadiation, 99, 100 , H 

Stannates, and cotton, 615 
Stannic acids. 366, 591 
Stannic chloride, 489, 648 
hydroxide sol, 390, 391 
iodide, 240. 365, 366 
oxide, 259 

Stannous chloride, 365, 384 
oxide, 171 

Staphylococci, 706, 720, 727, 728, 825 
Staphylococcus aureus, 694, 696, 697, 704, 705 

phage, 712 ; 

Star spectra, 32-34 

Starch, 267, 384, 435, 620, 681, 682. 791 , 

photolysis, 435, 436 
photo<^ynthcsis, 866-868, 882 
Starfish eggs, 764 
Stark effect. 163, 336 
Stearates, 586 

Stearic acid, 265, 266, 437, 554, 560, 574, 743 
anilide, 265, 677 
Stearoleic acid, 565 
Steels, 661 
Steenbock diet, 786 
unit, 835, 838, 841 
Stcfan-Bollzmann law, JS-17 
Stellar energy, origin, 191, 192 
Stenobothrus spermatocytes, 704 
Stereoisomcnzatjons, 406, 412, 452-456. 482-484, 
,488, 490, 491, 564-567. 569, 596, 793 
Stereoisomers, absorption by as and irons forms, 
453 

"Sterilamps," 724 

Sterilization, of food products, 721-724 
of medicinal products, 725-728 
of water, 12.5, 718-721 

Sterols, 789, 791-801, 809, 827, 833, 834. 888 
Stibme, 332 

Sligmasterol, 7-dehydro, 817 

Stilbazoles, polymerization, 521 

Stilbenc. 267, 490. 511, 548. 549, 648. 743 

Stimulation of bacterial growth, 697 

of cells bv ultraviolet rays, 697, 704, 707 

of paramecia, 717 
of plant growth, ISO, 887 
of yeast growth, 708, 710 
Stinging nettle*!, 657 
Stokes’s law, 207 

Stratification, of suspensions, 391 
Strato‘-phei e, 193, 194 

Stratum granulosum, 736 
Straw pulp, 618 

Streaming reactions, temperature coefficients, 248 

Streptococci, 706, 727 

Striated duscharge, mercury vapor, 83 

Strontium, 26, 57, 184 

Stiophantlms, tincture, 658 

Strychnine, 525 

Styiene. 173, 488, 489. 595 

Styrolene, 548 

l-StyiyI-3-hromostyryl-4,6-dinitroben2ene, 471 


1 


4^-StyryI-2,4-dichloro-3-cyanopyridine, 521 

Substance 248 in ergosterol irradiation, 
821 


808, 811, 


Substance I. in ergosterol irradiation, 805, 807 
Substance S in ergosterol irradiation, 800, 801 
Succmic and, 437, 438, 441, 447, 452, 454, 764 
Succmo-dehvdrogcnase, 686. 687 
Sucrase, 682. 683 iM 

Sucrose, 260, 356, 371, 387, 433-435, 472, 52l/;® 
868, 890 

Sugars. 500, 681. 682. 722 iSv 

occurrence, 742, 858, 891 
oxidation, 673 

photosynthesis. 866. 870, 889 (see also CarbOf?]^ 
hydrate photosynthesis) IS 

Stilffindic acid, 500, 643 
Sulfate ion, 355, 377 

Sulfhydryl compounds, 463, 623, 676, 678. 679 
Sulfides, 142, 583, 615 

Sulfite cellulose, fluorescence, 620 WS 

Sulfites. 355, 356 
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?'’ilfoflwprene, 503 
Vjlfones* 469 
alfonic aoids^* 5J9 

allopJienyl-3 -methyl -5 -pyrazolene, 3 82 
^Alfur. Ul^ 359. 390, 534, 600, 605. 607, 611. 620 
and Kaaolme, 654 
and oils, 55$, 574 
bacteria, 518 , 

compounds, 379, 463, 464, 534. 653-655 

fluorescence, 600, 601, 620 

formaticm, 354, 358, 385, 463, 498 

in vulcanization, 597-599 

neutral, excretion, 745 

occurrence, 60$, 622, 623, 679, 756 

oxidation, 354 

pigment, 582 

predissociation, 241, 244 

reaction with arsenic, 354 

reaction with hydrogen, 329 

sensitizer, 479 

sols, 387, 390 

vapor, absorption spectrum, 329 
Sulfur chlorides, 354, 355, 534. 545, 596. 599 
dioxide, 69, 330, 332, 390, 407, 534, 590, 634, 
654, 750 

absorption spectrum, 330, 355 
from wool, 622 

in accelerated paint tests, 580 
predissociatiou, 241, 243, 244, 330 
monoxide, 330 
oxygen acids, formation, 354 
trioxide, 330 

Sulfuric acid, 187, 339, 343, 354, 469, 484 
effect on various photoreactions, 340, 358, 4SS, 
524 

formation, 331, 357, 457 
Sulfuroiis acid, 354 
Sulfuryl bromide, 332 
Sulfuryl chloride, 331, 534, 545 
Sulzin, 598 

Sun, as ultraviolet source, 99, 191-202 
*'Sun Ray,” 173 
Sunburn, 673, 733 
creams, 743 
Sunflower, 886, 888 
oil, 571, 574, 790 

Sunlamp, 111, 141, 143-147, 561, 738, 783, 887 
Alpine, 129, 134, 135 
Sunlight, actinomctry of, 35, 103-105 
and rickets, 170, 778, 779, 781, 782, 787, 809, 
828, 832, 837 

antagonistic action of rays in, 150 
energy distribution, 192, 195-202 
tests of light-fastness of dyes, 634-636, 640-642 
therapeutic use, 734, 769, 770, 772, 773 
“Sunlit,” 175 
Sunspots, 2, 192 
Suprasterols, 805, 808-811 
Surface catalysts. 253, 254 
designs, on rubber, 599 
photorcactions in, 265 
vulcanization, 598, 599 
Swan hands, in carbon arc, S3 
Swatch boxes, 640 
Swimming pools, 147, 720 
Swine, light sensitization, 861 
“Sylphrap R R Old Gold,” 561 
Sympathetic system, 734. 760 
Sympathicotonic action, 751 
Symplex, of vitamin D and lactalbumin, 839 
Synephrine, 689 

Synergy, of radiations. 442, 443, 486, 873 
Synthetic rubber, 409, 593 


Fachysterol 807-811, 816, 821 
Tadpoles, 759, 766 
Taka-diastase, 681, 682 
Tannic acid, 621 
Tannin, 390 
Tanning materials, 651 
J skin, 671. 738. 739, 772 
Tantalum. 58, 74, 97, 98 
Tapes, insulating, 606 


Tar canoers, 766 
coal. 865 

papillomas, 766 , 

road, testing, 661 / » 

Tariric acid, 554 
Tartar emetic, 359 

Tartaric acid, 384, 407, 448, 450, 541, 648, 660, 
672, 870, 883 

oxidation. 364, 366, 448, 450 
Tartrates, 353, 377 
Tea, 660 
Teasecd oil, 555 
Teeth, 178, 824 
Television, 150 
Tetfairia oil, 574 
TcUutium, 148, 384 
oxide, 354 

Temperature, after body irradiation, 744 
and absorption spectra of solutions, 337 
and black body radiation, 15-17 
and photosynthesis m plants, 873, 874, 876, $82 
effect on lamps, 132, 133, 139 
coefficient, 245. 248-250, 252, 293, 443, 692, 693, 
698. 708. 711, 716, 740 
Tenderizing beef, 724 
Tent fabrics, 615 
Terephthaldehyde, 476, 481, 482 
Tcrephtbaldehydic acid, 476, 481 
Terephthalic acid, 481 
Terephthalophcnone, 476 
Terms, spectral, 23, 24, 234, 235 
Terpenes, 514, 550, 659 
Tcrpinol hydrate. 514 
Tesla coil, 153 
spark, 155 

Test, accelerated weathering, asphalts, 661 
dyes, 634-642 

enamrtsS and lacquers, 586, 587, 590 
Hthopone, 386 
paints, 575-581 
papers, 618 
road tar, 661 
rubber, 605-609 
steels, 661 
varnishes, 586, 587 
Tetanus bacillus, 710 
toxin, 690 

Tetany, 755. 823, 826 
Tetrabenzoylethyfene, 489, 490, 493 
Tetralioratc ion, 377 

Tetrabronjofluoresccin, sensitizer for Eder reac- 
tion, 444 

Tetracarboxypyridine, 519 
Tetrachloroanthraquinonc, 550 
Tctrachloroarsinc. 549 
Tetrachlorobenzene, 547 
Tetrachlorodimethylbenzophenone, 478 
Tetrachlorodimethylbenzoyl chloride, 548 
Tetrachlorodithiacyclohutane, 464 
Tetrachloroethane, 401, 526, 537. 613 
Tetrachloroethylenc, 534, 535, 657, 659 
Tetrachloroketonaphlhalcne, 493 
Telrachloromethvlpropanc, 532 
Tetrachloroplatinic acid, 248, 369, 370 
Tctraconitc, 613 
Tetrafluorenylhydr,azine, 511 
T ctrah y d rod i ph en y1 n.aphlhacene, 510 
Tctrahydronaphthalene, 613 
Tetraleneacctic acid, 511 
Tetralm, 501, 657 

Tetramethoxyaniinophenylcinnamic acid, 484 
Tetramethoxyphcnylcarbostynl, 484 
Tetramethylene. nitrosochloride, 461 
Tetramethylthinramdisulfide, 598, 60S, 612 
Tetranitrodiammine cobalt, 368 
Tetranitromethane, 36 
Tetraoxybutyloxvquinoxalin^ SI!! 
Tetraoxyhutvlquinoxalinc, 851 
Tetraphenv1dd)enzoyUetrabydropyran, 521 
Tetraphenyld’hydropyridme, 521 
Tetraphenvldihydrotriazine, 493 
Tetraphenvldihvdroxyethanedicarboxylic acid, bus* 
tone, 478 ^ * 

Tetraphcnvlruhene, 509 
Tctraphenylrubrene, 510 
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Toxtik printing, S^, 645-647 
T«xt»Ie#. 4^9, m, 64L 831 
Thallium, ISO. 238, ^S>, 369, 377* 380, 744 
bromide, 238 
phloridfi, 183, 238. 350 
iod.de, 238, 345 
Theoaterola, 817 

Therapy, 143, 150, 770-772, 862 
lamp, 132-134. 138, 139 
Thermionic Vidve, 97 
Thermochemistry, 217 
Thermocouple, 771 

Thermodynamics, and photochemistry, 206, Z12, 
213 

Thermoluminesccnce^ of solarized glasses, 176 

Thermophilic bactcua, 722 

Thcitnopiles. 96, 99, i7l, 697, 782 

Thermostat, for carbon arc, 60 

Thiamme, 850, 851 

Thiaztne dyes. 640, 712 

Tbiazole, ammo, 498 

ThiazoHne. 183 

Thiocarbamide, 498 

Thiocarlxinilide, 573, 605 

Tbiochrome, 851 

ThiocreSol, 415 

Thiocyanic acid, 358 

TTitocyanncetoneoximc, 494 

Thiocyanogen, 457 

Tkiocystis, 707 

Tbioglycollic acid, 463 

Thiohvdrazicles, condensation products of, 500 
Thioninc, 631 
Thiophene, 466, 863 
Thiophosgenc, 463, 464 
Thiopyronifie, 712 
Thioscmicarhazones, 495 
Thiosinamme, 263, 264, 864 
Thioxanthone dyes, 712 
‘Thiozone.** 597 
Thistle blossom rennet, 684 
Thoracoplasties. 729 
Thorinm, 97, 98, 362 
dioxide, 870 
hydrox’de sol. 390, 391 
Thormaehlen reaction, 740 
Threads, sterilization. 727 
Thresholds, for lethal action, 699-701, 716 
for vitamin Da formation, 812 
photochemical, 246, 247, 290, 291, 327. 397. 
480. 866 

photosynthesis of carbohydrates, 866 
Thromhin, 684 
Thromhocytes, 749, 825 
Thromhocytogcnc'iis, 749 
Throml»OT*enia, 749 
Thuni’erg tithe, 686 
Thvme oil, 513 

Thymine, 518, 696, 699, 701, 702 

gTycol, 518 
Thymol, Si 3 

Thymonnclcic acid, 677, 69R-701 704 
Thvrold gland. 689, 749, 759, 777 
“Timonox,** 582 

Tin. 149, 150, 155, 171, 365, 366, 386, 657 
halides. 359. 411 
Tincture.-^, deterioration, 658 
Tires, finorescence analysis, 600 
Tissue cultures, 764, 765 
paper. 619, 6‘’'0 
respiration, 863 


Titanium, 26, 57-59, 78, 97-99, 172, 592, 743 
chlorides. 359, 369 

dioxide. 165-169, 458, 609, 612, 617, 673, 883 
nitrMe. 139 

oxide, 75. 152, 350. 386. 583, 598 
white, 575. 582. 590 
"'Titanox,*' 577, $82, 583 
•Tlthonometer.” 284 
Titrations, in Wood's light, 665 
Tobaeco, 532, 659, 660, 861 
cloth, 616 
disease virus, 712 
plants, 883, 884, 889 
T6pliar cloud, 285 


Toliditte. 646, 721 

Toluulddhydes, 469 ^ . 

Toluene, 467-469, 470, 480. 496, S06, S08, SH, 
651 

acetyl, 54 7 
arsenic acid, 549 
Tolucneazo-iS-nauhthol, 633, 634 
bromination, 345, 549 
chlorination, S2<^ 542, 544, 545 
chioro. 544, 549 
hexabydro, 424, 473 
nitro, 470-472 
aulfonanilide. 587 
Toluhydroqtuinone, 474 
Tolutc aldehyde, 468 
Toluidine Blue, 632 


Green, 632 

Toluidines, 495, 497, 647 
Toliiimmone, 474 
Tolvlfienzmc acid, 478 

1,1 -6w(p-Tolyl)-3,3'-diphenyl-S,S'-dimethyIrubrene, 
510 


Tolylfflyoxime, 461 
Tolylquinolme, 521 
Tomato bushy stunt virus, 712 


plants, 887-889 
**Toplast," 589 
Torch, oxy acetylene, 164 
Tortelli-JafFe reaction, 796 
Tortoise shell, bleaching, 649 
Torula, 685 

Toxascans Leonina^ ova, 718 
Toxic calcification factor, 821 
Toxicity, mercury, 124 
vitamin D. 820-823 
Toxins, 690, 691, 860 
Toxisterol, 808, 811, 821 
Toxocara ova, 718 
Tracing cloth, 189 
Transformer oils, 651 

Transformers. 40, 42, 135, 136, 139, 140. 144, 147, 
153-155, 159, 162 

Transitions, between energy states, 219-223, 225 
forbidden, 24, 92 
Transpiration, 867, 874 
Trehalose, hydrolysis, 434 
Triacetin, 650 

Triacetiixvtnethanolamine, in stabilizing gaso- 
lines, 655 

Triaminotriphcnylmethane, 626 
Triarylacetonilnlea, 627 
Triazine tetraphenyldihydro, 493 
TriazoHum salts. 626 
Tribromocthyl alcohol, 658 
Tribuhis terrestru, as photoscnsitizer, 861 
Trihutyl phthalatc, 576 
Trichloracetic acid, 249. 452 
Trichloroacetyl chloride, 534, 535 
T richloroacet yit r ichloromcthylbenzene, 547 
Trichlorobenrene, 543, 547 
Trichlorobromomethane, 211, 215 
Trichlorocineole, 550 

Trichloro*2.4-dimetbylbenzoyl chloride, 548 
Trichloroethane, 534 

Trichloroethylene, 401, 407, 529, 535, 657 
Trichlorohyorin, 534 
T richloroiodobenzene, 544 
Trichloroisobutanc, 532 
Tnchloromethylpropane, 532 
Trirhloropropanc. 534 
Tricresyl phosphate, 576, 590, 591 
Triethanolamine, 833 
Trifohvm, 715 
Trihexosan, 435 

Trihydroxyanthraouinonc Purpurm, 616 
Trihydroxytriethvlamine derivatives, 183 
Tri-iodide ion. 249, 446 
Trimethylacetaldehydc, 42! 

Trimethvlamine. and visual mtrple, 858 
Trimethylencchlorohromide. 550 
Tnmefhylethyicne, 394, 594 
Trimethylindostannane, 366 
T rimeth yl isonlloxazinc, 852 
Trirnethvlmethane derivatives, 267 
Trimcthylpentane, 464 
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Trliiitr6beti»d4ftli^y4e» 47S 

Trinitrotieniteiitt, and rnl^r indQ«tiis«ttoii» S9e 


TrinitroW^scn^ acida, 472 
TrinltroWnaoyl aloohot, 4 


_ , _ 472 

Trii»Jtrol*«n«yi bromide. 472 
Ttinitroati11»ci>tt, 246, 267 
Trlnitrotoiwene^ 354. 471, 472 
TrmitrotriammuQie cobalt, 362 
Triolein, S58 
Trtose, 435> 436 
Trii)hetiy!brOTO<nne<fbafie, 626 
Triphenj^chloromethnne, 626, 627 
Triphcnylfuliftde^ 493 
Triphenyliffuanidme, 60S, 610 
Triphenylhydroxypropionic add, 477, 478 
Triphenyllacttc acid. 477, 478 
Triphenylmethane and derivativea, 267, 626-629, 
632, 640 

Tripbenylnaphthacene. 511 
Tripbenyl peroxide, 626 
Triphenyl phosphate, 173, 590 
Triphenylrubrcne, 510, 511 
Trisilane, 333 
Trisodlutn phosphate, 440 
Tnsulfoti Violet, 639 
Tritolyl phosphate, 587, 589, 591 
Triton cmhrvos, 765 
Tropacocaine, 436 

Tropacolum majtfs, photosynthesis, 868 
**Tru-hn*’ silk crepe, 642 
Truxi!td»ami<le, 484 
Triixiilic acid, 483, 484, 491 
Truxinic acid, 483, 491 
Truxinic anhydiide, 484 
Truxones, 492, 493, 517 
Trypaflavme, 261, 264, 861, 862 
Trvpan Blue, 634 
Red, 634 

Trypsin. 680, 684 

Tryptophane, 670-674, 682, 683, 696, 701, 737, 
739, 748. 764. 863 
Tflubaki oil, oxidation, 559 
Tubercle bacilli, 699. 706, 775 
Tubercubn, 690 
Tuberculinic acid, 700 
Tuberculosis, 7.13, 771-773, 823 
Tumors, 150. 742, 766, 865 
Tuna fish liver oil, 801, 815-817 


Tung oil, 386, 559. 564-567, 571, 648 
Tungstates, and cotton, 615 
Tungsten, 58, 59, 74, 75, 78-80, 143, 145, 149, 
156, 161, 369 

lamp, 34, 35, 156, 160, 693, 694 
spark, 152. 154, 155 
Tungsten carbide, 51 
trioxide, 369 

Tungstic acid. 369, .387, 418, 433 
Turkey-red oil, 382, 613 
Turnip seed.s, 716, 885 
Turpentine, 513, 514, 610 
Tvndall cone, 387 

Typhoid bacillus, 720, 757. 775, 825 
Tyrosinase, 684 

Tyrosine, 670-674, 682, 684, 696, 701, 737. 739, 
741, 791, 863 


U bands, in halide crystals, 375 
1 'leers, 862 
Ultrament, 562 

l*ltram(cro.scopic irradiation of protozoa. 717 
lilt ram icroscopy, of dried oils, 567 
**intratubcrculin,’' 690 
*aitraviol.'* 175 

X^ltraviolet microscopy, 703, 704, 715 
Ultraviolet-permeable glasses, 168-176 
UUravi<»let plates, 381, 382 
radiations. 2, 6. 7, 164, 208, 498 
t'^ltraviolft-sensitive papers, 383 
Ultraviolet-transmitting materials. 172-176 
**U!trazm,” 166 

Vfva tartuca, photosynthesis by, 874 
X’mhcniferoneacetic acid, 562 
Undecenic acid!. 553 

Units, for milk irradiation, 842, $43. 845, 846 


Units, photosynthetic, 881 
viumin Df 781. 819. 820 
wave>Ienfftn, 5 

Unsaturated acids, hromination, 554 
coniftounds, alipnatlc, 406-415 
hydrocarbons, nulogenatiuii, $33*538 , 

oils, detection, 558 

Uracil, 677, 683. 696, 699, 701-703, 850 
Uranic salts, 361 
Uranin, 261 

Uranium. 58, 97-99, 103-105. ISS, 169, 370 
acetate, 834 
ferrocyanide sol, 391 
nitrate, 178 
oxides, 166, 630* 868 

salts, 359, 362, 370, 403, 407, 432, 450, 468, 727 
Uranous sulfate* 370 
Uranyl acetate, 448, 525 
chloride, 489 

nitrate, 405. 411, 442. 449, 481, 503, 812 
oxalate, 102, 104, 418, 443, 459 
salts, 259, 261. 336, 409, 439* 440, 443, 447, 
451, 452 

sulfate, 104, 307* 447 
Urea,'17U 173, 356. 436, 498, ^$8, 760 
condensation with formaldehyde.^ 172, 584 
derivative of aminohenzoylphenylenediamme, 562 
diethyldiphenyl, 354 
formation, 350, 518, 702 
of 4-aminobenzoyl-3-ammopyrenedt8ulfonate, 562, 
563 

photolysis, 458, 459 
UrcnRC* 683, 684 
Urethane, and quinine, 523 
Uric acid, 187, 350, 702, 703* 863 
Urine volume* 745 
Urobilin, 750 
Urobilinogen, 871 
Uroflavin 851 
Uronic acid, 883 
‘^Uroxarneter," 103 
•‘Ursilber,*’ 379 
Urticaria, 824, 861. 862 
Uterus, 760 

“Uviarc,*^ 80. 81. 85-87, 89, 92, 100, 117. 129. 
134-137, 174* 175 

‘X^viol,” 156. 173, 175, 176, 178, 182, 305 
lamps, 108. 114, 182 
“UVseope,’* 100 

Vaccination, 713, 775 
Vaccines, bacterial, 725. 726 
Vaccinia virus, 712, 725 
Vagotonic action, 751 
Vagus, 734, 746 
Vahne, 671 
Valve, thermionic, 97 
Vanadium, 26, 58, 169 

oxide, 75, 152, 165-167, 508 
salts, 409, 592 
Vanillin. 498, 514, 558 
Van Slyke test for amino grmtp«t. 622 
Varnishes, 407, 566, 573, 586, 587, 648 
Vancline, 381. 462, 600, 610, 727 
Vasocotystriction, 747 
Vasodilatation. 747 
V;it dves, 616. 617, 630, 642, 647 
Vegetable exit acts, 722 
oils. 557, 789 

Vegetables, vitamin D in, 827 
Venom, cobra, 691 
Vermillion, 386 

Veterinary medicine, irradiation therapy in, 777, 
785, 786 
‘^Viat.’* 173 

Vibrational energv, 218, 220. 222, 223. 227. 229. 

230. 233-236* 247* 250 
Vibrationless state* 233 
Viria faha, leaves, 715 
Victor water-cooled mercury arc* 701 
Victoria dyes, 636, 639, 554 
V gantol, 759, 820, 821, 825, 832, 833 
VniiVinin, 689 

Vinvl acetate. 172, 173, 410, 411, 585 
anisole, 410 
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Vi»yl bi*omi<!e, 409^ 410 
ehloiide, 409411; 534, S85 
cMoroa6«me, 173 
> dtazometbane^ 460 
esters* polymerisation, 173, 410, 411 
cthinylcarbmoJa, 410, 411 
halides. 20S, 410, 411 
iodide, 399 
resin, 410-412, 619 
Violet N, 639 

Violin strings, sterilization, 727 
*‘Viopake,^' 166 

Viostciol, 742, 820. 823-827, 831 
Vipera RussetHi, toxin, 691 
Vimes, 711-713, 860 
Viscose, 188, 585, 613, 615, 616, 619-621 
Viscosity, and fluorescence quenching, 335 
Visibility, sensitivity curve, 180 
short wave-length limit, 762 
Visible rays. 2-4, 6, 178, 208, 680, 692 
Vision, 856-859 
Visual yellow, 858 
purple, 857-859 

“Vitaglass,” 103, 104, 169, 172-175, 178, 181, 
637, 661, 711, 712, 776, 782, 825, 887, 888 
Vital staining, 751 
«‘VitamaIt,’* 832 
Vitamin, antihcmorrhagic, 856 
fat-soluble, 780 

preparations, standardization, 834 
production, 848 

Vitamin A, 814, 825, 828, 846, 848, 857, 858 
absorption spectrum, 853 
assay, 780, 853, 854, 856 
in cod-liver oil, 831 
not produced by irradiation, 780, 790 
photolysis, 854-856 
Vitamin A*, 853 
Vitkin B group, 688. 850-853 
Vitamin C, 660, 740, 743, 755, 78S. 846, 848. 849 
Vitamin D, absorption spectrum, 796-799, 804 
and infections, 823-825 
and public health, 831 
assay, 780, 785, 805 
crystalline, 800, 801, 803-807 
destruction, 721, 793, 797, 801, 803, 805 
dosage, 802, 803, 819, 820 
emulsion, 834 
for animals, 786, 788, 838 
formation, 103. 150 733, 803, 804, 814, 832 
in human milk, 785 
in wine, 660 
local application, 847 
natural. 813, 814, 816 
origin m fish-livers, 790 
physiological action, 780, 785, 818, 819, 824, 

response of rats and chicks, 814, 817 
toxicity, 785, 820-823 
unit. 781, 819, 820, 83,5 
Vitamin Dt, 806, 807* 821 
Vitamin Da, 803, 807, 808-811, 813-817, 821, 822, 
834 

Vitamin Da, 816, 817, 821, 831 
Vitamin D4, 813 
Vitamin E, 8S6 

Vitreous humor, transparency, 762, 764 
'‘Vitrisol.*’ 742 
Voandseia, 715 

Voltaic cells, irradiation of, 105 
Voriitdla, 523 

Vulcanization, 596-599, 601, 604, 605 
Vulcanized rubber, 593, 597, 601, 606-608, 609 
Vulkan colors, 599 
Vuzin, 524 


Warburg respiratory enzyme, 687 
Washington, solar energy at, 195, 198 
Water, 359 

absorption, 183, 194, 298, 299, 338 

bands, fluorescence, 304 

dissociation, 231, 240, 299, 302 

cflFect of x*tays on^ 209 

effect on carbon dioxide photolysis, 307, 308 

effect on hydrogen-chlorine combination, 286-288 


Water, filters, 183 
fommtton, 299, 302-304, 423 
irradiated, 710, 720 
photolysis, 299. 339 
reaction with bromine, 34S 
steril ization, 718-721 
Water gas. 259, 481 
Water-glass, 385 
Waterproofing paper, 620 
Wave-length, and temperature coeflicients, 249, 250 
characterizing radiations, 10, 11 
conversion to wave-number, 208 
optimum for lethal action. 69^ 701 
effective for milk irradiation, 843, 844 
effective in rickets, 780, 781, 809 
effective in therapy, 773 
erythema-producing, 737, 738 
for lethal action on yeast, 708 
kcal, equivalent of, 207, 208 
measurement, 4, 5 

restricted, in irradiation of ergostcrbl, 833, 834 
synergy of, 450 

Wave mechanics (see Quantum mechanics) 
Wave-number, 5, 208, 222, 224 
Wave theory, 3, 4, 6, 10 
Waves, 2, 3, 4, 6 
Wax, caniauba, 608 
ceresin, 610 
Japan, 586 

Montan, in rublicr, 610 
white, 534 

Waxes, fluorescence, 600 
Wcather-Ometer, 587 

Wedges, platinum for reducing light intensity, 270 

Wchnelt cathodes, 76, 156 

Weigert effect, 266, 383 

Welding, injury to eyes, 164 

Weston photronic cell, 97 

Whale oil, 555, 557 

Wheat, 829, 830, 883 

Whitby test for cholesterol, 793 

White cells (see Leucocytes) 

White lead, 582, 583 

W'hitmg, in rubber, 610 

Whiskey, aging. 660 

Whooping cough, 775 

Wien's displacement law, IS, 16, 94, 155 

Willem ite, 190 

Window glass, 170, 174, 175 
Wine, aging, 660 
Wintergrecn oil, 513 
Winter sunlight, and rickets, 781, 782 
Witte's peptone, 674, 688, 691 
Wood, 611. 612, 617-619, 648 
Wood’s light, 461, 752, 781, 849 
Wool, 188, 189, 613. 616, 618, 622, 623. 678, 679 
and dyes, 471, 635, 637, 639, 501, 502 
chlorination, 550 
fat, irradiated, 847 
fluorescence, 624, 645 
Green, 642 
mold growth on, 727 
Woolen patterns, 642, 643 
Worrosced oil, 513 
Worsteds, 636, 640, 642 
Wort, irradiation, 710 
Wound healing, 729, 770 
Wrappers, protective, S60-S63 
Wurtzjte, 385 

Xanthene dyes, 640 
Xanthine, 702 
Xanthine oxidase, 686 
Xanthogenation, 617 
Xanthone, 507 

Xanthophyll, 856, 858, 871, 872, 876, 882, 888 
Xanthorhamnm, 436 
Xanthydrol, 592 

Xenon lamp, 151, 300, 308, 319, 393 
Xeroderma pigmentosum, 769, 861 
Xerophthalmia, 780 
X-rays, 2, 7-9, 354, 657 
and fiwdstuffs, 828 
and proteins, 677 
and sterols, 803, 804, 832 
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It-fays, «otion# of, 70S, 708, 733 

,jjr ri^pfioos by, 208. 209 
a Xylene, 467-468, Soi, 545, 546, 651, 829 


'» Xylidine. 497. 647 
,^XylyI chloride, 546 

y»m«. 613, 615 

Yeast, absorption spectrum, 708 
and glucolysls, 710 
antirachitic! activation of, 837 
autolyzates, 682, 683, 837, 847 
catalase content 685 
defltruetton of B vitamitie in, 850^^^ 
effects of irradiation of, 707*710, 727, 789 
ergostcrol content, 795 
extract, 686, 837 
growth, 563, 708, 709 
gums, 682 
proteinase, 683 
respiration. 687, 688, 709, 750 
susceptibility to lethal action of rays, 696, 706 
Yellow oxidation enzyme, 853 
Yttrium compounds, 58, 142 


t ^iZapon lacquer, sensitizer, 479 
mats, seedlings, 888 
Zeeman effect, 24 
Zero branch, 223 

Zero-point energy, 227, 233, 235, 290 
Ziehl'Ncclsen stain, 706 

Zinc, 97, 147, ISO, 151, 169, 171, 190, 385, S41 
and fatty acids, 554 
arc, 63, 64, 231 
corrosion, 661 
glass, 165 

heat of dissociation, 234 
in carbon arc, 57 
% in tissues, 760 
' lamp, 148-150 


Zinc, plates, and aniUne, 495 
soaps, 586 
sols, 387, 388 

spark, li4, JlSS , 

wool, 401 ' 

Zinc blende, 385 
carbonate, 869 
chloride. 64, 171, 519, 532 
chromate, 583 
diethyl, 464 

diethyldithioCarbamate, 60S 
dimethyl, 464 
disulfiae, 385 
halides, 240, 411 
nitride, 64 

oxide, 169, 171, 178, 575, 590, 60S, 831 
and dyes, 630 
and nitrate reduction. 354 
as photOBcnsitizer, 259, 339, 350, 370, 371, 
458, 500. 553, 625. 673, 883 
fluorescence analysis, 600, 601 
in carbohydrate photosynthesis, 869 
in nitrocellulose lacquers, 580, 589 
in rubber, 598. 599, 603, 607, 610, 611 
opacity. 582 
paints, 577, 580 
reflecting power, 583 
oxynitrate, 371 
peroxide, 573 
resinates, 585 
salicylate, 621 
silicate, 142 

sulfide, 384. 385, 590. 600. 743 
actmometer, 104, 105, 202, 717 
xanthate, 596 
Zirconium, 58, 59, 362 
nitride, 139 
oxide, 141 

Zones, in crystals, 374, 375 


Zooplankton, 790 
Z.witterions, 671 
Zygote, 717 
Zymosterol, 795 
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